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SEMICONDUCTOR ELEMENT, METHOD
FOR MANUFACTURING THE
SEMICONDUCTOR ELEMENT, AND
SEMICONDUCTOR DEVICE INCLUDING
THE SEMICONDUCTOR ELEMENT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor element
in which an oxide semiconductor is used for an active layer, a
method for manufacturing the semiconductor element, and a
semiconductor device including the semiconductor element.

In this specification, a “semiconductor element” refers to
an element that can function by utilizing semiconductor char-
acteristics, such as a transistor or a diode. Further, a “semi-
conductor device” refers to all the devices that can function by
utilizing semiconductor characteristics of the semiconductor
element; an electronic display device, an electro-optical
device, and a memory device are all included in the category
of the semiconductor device.

2. Description of the Related Art

Transistors in which an active layer is formed using a
semiconductor thin film which is formed over a substrate
having an insulating surface are widely used in electronic
devices such as integrated circuits (ICs) and image display
devices (display devices).

Conventional thin film transistors mostly have what is
called a planar structure, in which a semiconductor layer, an
insulating film, an electrode, and the like are stacked over a
plane. With advances in manufacturing processes which
enables miniaturization of such transistors, various problems
such as increases in short-channel effect and leakage current
arise. Therefore, in recent years, a transistor having a novel
structure which is an alternative to the conventional planar
structure has been developed. For example, Patent Document
1 discloses a fin-type transistor in which a polycrystalline
silicon film is used as an active layer (referred to as a semi-
conductor thin film in Patent Document 1).

REFERENCE
Patent Document

[Patent Document 1] Japanese Published Patent Application
No. 2009-206306

SUMMARY OF THE INVENTION

The thin film transistor in which the active layer has a
fin-type structure as disclosed in Patent Document 1 can have
small off-state current (current flowing between a source and
a drain at the time when the transistor is in an off state) as
compared to a planar thin film transistor; therefore, such a
transistor is effective in reduction in power consumption.
However, it is obvious that requirement for semiconductor
devices with low power consumption will further increase in
the future. Therefore, measures for further reduction in off-
state current of thin film transistors are needed.

As one way to reduce an off-state current of a thin film
transistor, the use of an oxide semiconductor material for an
active layer in the transistor is proposed. It is reported that the
transistor in which an oxide semiconductor material is used
for an active layer has extremely small off-state current as
compared to a transistor including a silicon-based semicon-
ductor material and can be reduced in its off-state current to a
level which cannot be measured by an ordinary method.
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However, an oxide semiconductor material has relatively
high contact resistance to a metal film which is generally used
as an electrode or a wiring. In the case where the oxide
semiconductor material is used for an active layer of a fin-
type transistor which is miniaturized, there is a possibility that
a reduction in an on-state current (a current flowing between
a source and a drain at a time when the transistor is on) and
variations in electrical characteristics (e.g., variations in
threshold voltage) are caused owing to the contact resistance
between the oxide semiconductor material and the metal film.

In view of the above problems, in this specification, one
object is to provide a structure of a fin-type transistor which
includes an oxide semiconductor material and in which a
reduction in on-state current and an increase in variations in
electrical characteristics which become significant with min-
iaturization of the transistor can be prevented, and another
object is to provide a method for manufacturing the transistor.

In other words, one embodiment of the present invention is
a semiconductor element including an oxide semiconductor
layer which is provided over an insulating surface and
includes a channel formation region and a pair of low-resis-
tance regions between which the channel formation region is
positioned, a gate insulating film covering a top surface and a
side surface ofthe oxide semiconductor layer, a gate electrode
covering a top surface and a side surface of the channel
formation region with the gate insulating film positioned
therebetween, and electrodes electrically connected to the
low-resistance regions. The electrodes are electrically con-
nected to at least side surfaces of the low-resistance regions.

The semiconductor element is formed according to the
above embodiment, whereby even in the case of a minute
fin-type transistor, the electrode is electrically connected to
the low-resistance region in a large area of a side surface or the
side surface and a bottom surface of a groove formed in the
low-resistance region, so that a reduction in on-state current
and an increase in variations in electrical characteristics due
to an increase in contact resistance can be prevented.

Note that the electrode may be electrically connected to the
low-resistance region through a groove formed in the low-
resistance region. Accordingly, the low-resistance region and
the electrode are in contact with each other in the side surface
of'the groove, so that contact resistance can be reduced. As a
result, a reduction in on-state current and an increase in elec-
trical characteristics due to an increase in contact resistance
can be effectively prevented.

In addition, the electrode is formed to cross the low-resis-
tance region in the channel width direction, whereby a contact
area of the electrode and the low-resistance region can be
increased. Thus, a reduction in on-state current and an
increase in variations in electrical characteristics due to an
increase in contact resistance can be effectively prevented.

Note that the length of the channel formation region in the
channel width direction is preferably greater than or equal to
1 nm and less than or equal to 60 nm. When the length of the
portion is less than or equal to 60 nm, a semiconductor ele-
ment can be fully depleted or substantially fully depleted. Itis
difficult to process the portion when the length of the portion
is less than 1 nm.

Note that in order to enhance effects of preventing the
reduction in on-state current and reducing the variations in
electrical characteristics by increasing the contact area of the
electrode and the low-resistance region, it is preferable that
the thickness of the channel formation region is greater than
or equal to twice the length of the channel formation region in
the channel width direction.

One embodiment of the present invention is a semiconduc-
tor element including a structure body which is provided over
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an insulating surface and includes an oxide semiconductor
layer and a pair of electrodes between which the oxide semi-
conductor layer is positioned, a gate insulating film covering
a top surface and a side surface of the structure body, and a
gate electrode covering a top surface and a side surface of the
oxide semiconductor layer with the gate insulating film posi-
tioned therebetween.

The semiconductor element is formed according to the
above embodiment, whereby even in the case of a minute
fin-type transistor, the oxide semiconductor layer and the
electrode are electrically connected to each other in a large
area and are direct in contact with each other without any
component therebetween; therefore, a reduction in on-state
current and an increase in variations in electrical characteris-
tics due to an increase in contact resistance can be effectively
prevented.

Note that the length of the oxide semiconductor layer in the
channel width direction is preferably greater than or equal to
1 nm and less than or equal to 60 nm. When the length of the
portion is less than or equal to 60 nm, a semiconductor ele-
ment can be fully depleted or substantially fully depleted. Itis
difficult to process the portion when the length of the portion
is less than 1 nm.

In order to enhance effects of preventing the reduction in
on-state current and reducing the variations in electrical char-
acteristics by increasing the contact area of the electrode and
the oxide semiconductor layer, it is preferable that the thick-
ness of the oxide semiconductor layer is greater than or equal
to twice the length of the oxide semiconductor layer in the
channel width direction.

Note that in the above embodiment, the oxide semiconduc-
tor layer contains at least indium or zinc as a main component
and has a crystal-amorphous mixed phase structure in which
a crystal portion and an amorphous portion are included in an
amorphous phase, a c-axis of the crystal portion is aligned in
a direction parallel to a normal vector of a surface where the
oxide semiconductor film is formed or a normal vector of a
surface of the oxide semiconductor film, triangular or hex-
agonal atomic arrangement which is seen from a direction
perpendicular to an a-b plane is formed in the crystal portion,
and metal atoms are arranged in a layered manner or metal
atoms and oxygen atoms are arranged in a layered manner
when seen from a direction perpendicular to the c-axis in the
crystal portion, whereby a highly reliable semiconductor ele-
ment in which a change in electrical characteristics due to
light irradiation (also referred to as photodegradation) is sup-
pressed can be obtained. Note that a main component refers to
an element contained in composition at 5 atomic % or more.

One embodiment of the present invention is a method for
manufacturing a semiconductor element, including the steps
of forming an oxide semiconductor layer having an island
shape over an insulating surface; forming a gate insulating
film covering a top surface and a side surface of the oxide
semiconductor layer; forming a gate electrode covering a top
surface and a side surface of at least part of the oxide semi-
conductor layer with the gate insulating film positioned ther-
ebetween; performing ion-adding treatment on the oxide
semiconductor layer to form a channel formation region and
a pair of low-resistance regions between which the channel
formation region is positioned in the oxide semiconductor
layer; forming an interlayer insulating film covering the oxide
semiconductor layer, the gate insulating film, and the gate
electrode; forming grooves in which the low-resistance
regions are exposed in at least part of side surfaces of the
grooves, in the interlayer insulating film and the low-resis-
tance regions; and forming electrodes over the interlayer
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insulating film to be electrically connected to the low-resis-
tance regions through the grooves.

The semiconductor element is formed according to the
above embodiment, whereby even in the case of a minute
fin-type transistor, the low-resistance region and the electrode
are electrically connected to each other in a large area; there-
fore, a reduction in on-state current and an increase in varia-
tions in electrical characteristics due to an increase in contact
resistance can be effectively prevented.

Note that in the case where the groove is formed to cross the
low-resistance region in the channel width direction and is
formed so that the low-resistance region is exposed in at least
part of a side surface of the groove, the low-resistance region
and the electrode are in contact with each other in the side
surface of the groove at the time when the electrode is formed
in the groove, so that contact resistance can be reduced;
therefore, a reduction in on-state current and an increase in
variations in electrical characteristics due to an increase in
contact resistance can be effectively prevented.

In addition, the oxide semiconductor layer preferably has a
length greater than or equal to 1 nm and less than or equal to
60 nm in the channel width direction. When the length of the
portion is less than or equal to 60 nm, the completed semi-
conductor element can be fully depleted or substantially fully
depleted. In addition, the length of the portion is preferably
greater than or equal to 1 nm in terms of processability.

In order to enhance effects of preventing the reduction in
on-state current and reducing the variations in electrical char-
acteristics by increasing the contact area of the electrode and
the low-resistance region, it is preferable that the thickness of
the channel formation region is greater than or equal to twice
the length of the channel formation region in the channel
width direction.

One embodiment of the present invention is a method for
manufacturing a semiconductor element, including the steps
of forming a conductive film including an opening in which
an insulating surface is exposed, over the insulating surface;
forming an oxide semiconductor film covering the conductive
film; performing removal treatment on at least part of the
oxide semiconductor film to expose the conductive film; pro-
cessing the oxide semiconductor film and the conductive film
to form a structure body including an oxide semiconductor
layer and a pair of electrodes between which the oxide semi-
conductor layer is positioned; forming a gate insulating film
covering a top surface and a side surface of the structure body;
and forming a gate electrode covering a top surface and a side
surface of the oxide semiconductor layer with the gate insu-
lating film positioned therebetween.

Note that the above structure can also be manufactured
through the steps of forming an oxide semiconductor film
having an island shape over an insulating surface; forming a
conductive film covering the oxide semiconductor film; per-
forming removal treatment on at least part of the conductive
film to expose the oxide semiconductor film; processing the
oxide semiconductor film and the conductive film to form a
structure body including an oxide semiconductor layer and a
pair of electrodes between which the oxide semiconductor
layer is positioned; forming a gate insulating film covering a
top surface and a side surface of the structure body, over the
structure body; and forming a gate electrode covering a top
surface and a side surface of the oxide semiconductor layer
with the gate insulating film positioned therebetween.

The semiconductor element is formed according to the
above embodiment, whereby even in the case of a minute
fin-type transistor, the oxide semiconductor layer and the
electrode are electrically connected to each other in a large
area and are direct in contact with each other without any
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component therebetween; therefore, a reduction in on-state
current and an increase in variations in electrical characteris-
tics due to an increase in contact resistance can be effectively
prevented.

In addition, the structure body preferably has a length
greater than or equal to 1 nm and less than or equal to 60 nm
in the channel width direction. When the length of the portion
is less than or equal to 60 nm, the completed semiconductor
element can be fully depleted or substantially fully depleted.
In addition, the length of the portion is preferably greater than
or equal to 1 nm in terms of processability.

In order to enhance effects of preventing the reduction in
on-state current and reducing the variations in electrical char-
acteristics by increasing the contact area of the oxide semi-
conductor layer and the electrode, it is preferable that the
thickness of the oxide semiconductor layer is greater than or
equal to twice the length of the oxide semiconductor layer in
the channel width direction.

The structure including an oxide semiconductor layer
which is provided over an insulating surface and includes a
channel formation region and a pair of low-resistance regions
between which the channel formation region is positioned, a
gate insulating film covering a top surface and a side surface
of'the oxide semiconductor layer, a gate electrode covering a
top surface and a side surface of the channel formation region
with the gate insulating film positioned therebetween, and
electrodes electrically connected to the low-resistance
regions is employed, in which the electrodes are electrically
connected to at least side surfaces of the low-resistance
regions. Alternatively, the structure including a structure
body which is provided over an insulating surface and
includes an oxide semiconductor layer and a pair of elec-
trodes between which the oxide semiconductor layer is posi-
tioned, a gate insulating film covering a top surface and a side
surface of the structure body, and a gate electrode covering a
top surface and a side surface of the oxide semiconductor
layer with the gate insulating film positioned therebetween is
employed. In any of the structures, the oxide semiconductor
layer and the electrode are in contact with each other in a large
area, and thus contact resistance between the electrode and
the low resistance region can be reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1C are a plan view and cross-sectional views
illustrating one embodiment of a semiconductor device.

FIGS. 2A to 2C are cross-sectional views each illustrating
one embodiment of a semiconductor device.

FIGS. 3A to 3C are cross-sectional views illustrating an
example of a manufacturing process of a semiconductor
device.

FIGS. 4A and 4B are cross-sectional views illustrating an
example of a manufacturing process of a semiconductor
device.

FIGS. 5A and 5B are cross-sectional views illustrating an
example of a manufacturing process of a semiconductor
device.

FIGS. 6 A and 6B are cross-sectional views illustrating an
example of a manufacturing process of a semiconductor
device.

FIGS. 7A to 7C are a plan view and cross-sectional views
illustrating one embodiment of a semiconductor device.

FIGS. 8A and 8B are cross-sectional views illustrating an
example of a manufacturing process of a semiconductor
device.
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FIGS. 9A and 9B are cross-sectional views illustrating an
example of a manufacturing process of a semiconductor
device.

FIGS. 10A and 10B are cross-sectional views illustrating
an example of a manufacturing process of a semiconductor
device.

FIG. 11 is cross-sectional views illustrating an example of
a manufacturing process of a semiconductor device.

FIGS. 12A and 12B are cross-sectional views illustrating
an example of a manufacturing process of a semiconductor
device.

FIGS. 13A and 13B are cross-sectional views illustrating
an example of a manufacturing process of a semiconductor
device.

FIGS. 14A to 14C illustrate an example of a structure of a
semiconductor device.

FIGS. 15A and 15B illustrate an example of a structure of
a semiconductor device.

FIGS. 16A and 16B illustrate an example of a structure of
a semiconductor device.

FIGS. 17A and 17B each illustrate an example of a struc-
ture of a semiconductor device.

FIG. 18 illustrates an example of a structure of a semicon-
ductor device.

FIG. 19 illustrates an example of a structure of a semicon-
ductor device.

FIG. 20 illustrates an example of a structure of a semicon-
ductor device.

FIGS. 21A to 21E each illustrate an electronic appliance.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, embodiments of the invention disclosed in this
specification will be described with reference to the accom-
panying drawings. Note that the present invention is not lim-
ited to the following description and it will be readily appre-
ciated by those skilled in the art that modes and details can be
modified in various ways without departing from the spirit
and the scope of the present invention. Therefore, the inven-
tion should not be construed as being limited to the descrip-
tion in the following embodiments.

In the following embodiments, the same portions or por-
tions having similar functions are denoted by the same refer-
ence numerals in different drawings, and explanation thereof
will not be repeated.

Note that the position, the size, the range, or the like of each
structure illustrated in drawings and the like is not accurately
represented in some cases for easy understanding. Therefore,
the disclosed invention is not necessarily limited to the posi-
tion, the size, the range, or the like as disclosed in the draw-
ings and the like.

In this specification and the like, ordinal numbers such as
“first”, “second”, and “third” are used in order to avoid con-
fusion among components, and the terms do not mean limi-
tation of the number of components.

In this specification and the like, the terms “over” and
“below” do not necessarily mean “directly on” and “directly
below”, respectively, in the description of a physical relation-
ship between components. For example, the expression “a
gate electrode over a gate insulating layer” can mean the case
where there is an additional component between the gate
insulating layer and the gate electrode.

In addition, in this specification and the like, the term such
as “electrode” or “wiring” does not limit a function of a
component. For example, an “electrode” is sometimes used as
part of a “wiring”, and vice versa. Furthermore, the term
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“electrode” or “wiring” can include the case where a plurality
of “electrodes” or “wirings” is formed in an integrated man-
ner.

Functions of a “source” and a “drain” are sometimes
replaced with each other when a transistor of opposite polar-
ity is used or when the direction of current flowing is changed
in circuit operation, for example. Therefore, the terms
“source” and “drain” can be replaced with each other in this
specification and the like.

Note that in this specification and the like, the term “elec-
trically connected” includes the case where components are
connected through an object having any electric function.
There is no particular limitation on an object having any
electric function as long as electric signals can be transmitted
and received between components that are connected through
the object. Examples of an “object having any electric func-
tion” are a switching element such as a transistor, a resistor, an
inductor, a capacitor, and an element with a variety of func-
tions as well as an electrode and a wiring.

Embodiment 1

In this embodiment, an example of the structure of a semi-
conductor element and a method for manufacturing the semi-
conductor element will be described with reference to FIGS.
1A t0 1C,FIGS. 2A 10 2C, FIGS.3A t0 3C, FIGS. 4A and 4B,
and FIGS. 5A and 5B.
<Structural Example of Semiconductor Element>

FIGS. 1A to 1C illustrate an example of a plan view and
cross-sectional views of a top-gate transistor which is an
example of a semiconductor element. FIG. 1A is a plan view.
FIG. 1B is a cross-sectional view taken along dashed-dotted
line X1-X2 in FIG. 1A. FIG. 1C is a cross-sectional view
taken along dashed-dotted line Y1-Y2 in FIG. 1A. Note that
in FIG. 1A, some components (e.g., a substrate 100) of a
transistor 120 are not illustrated to avoid complexity.

The transistor 120 illustrated in FIGS. 1A to 1C includes a
base film 102 which is provided over the substrate 100, an
oxide semiconductor layer 104 which is provided over the
base film 102 and includes low-resistance regions 104a and a
channel formation region 1045, a gate insulating film 106
which covers the oxide semiconductor layer 104, a gate elec-
trode 108 which covers a top surface and a side surface of the
channel formation region 1045 with the gate insulating film
106 positioned therebetween, a first interlayer insulating film
110 and a second interlayer insulating film 112 which cover
the gate insulating film 106 and the gate electrode 108, and
electrodes 114 which are electrically connected to the low-
resistance regions 104aq in at least portions of side surfaces of
grooves provided in the low-resistance regions 104a, the gate
insulating film 106, the first interlayer insulating film 110,
and the second interlayer insulating film 112. Note that the
electrodes 114 are electrically connected to wirings 116.
Although not illustrated, the transistor 120 is electrically
connected to another semiconductor element (e.g., a transis-
tor) through the wiring 116.

When the oxide semiconductor layer 104 is seen from a
direction perpendicular to the base film 102 as illustrated in
FIG. 1A, the channel length direction of the channel forma-
tion region 1045 and the channel width direction thereof may
be referred to as an X-axis direction (or X1-X2 direction) and
aY-axis direction (or Y1-Y2 direction), respectively. In addi-
tion, a direction perpendicular to an X-Y plane may be
referred to as a Z-axis direction.

Contact areas of the low-resistance regions 104a and the
electrodes 114 become smaller as the size of the transistor 120
is reduced. However, even in such a case, the use of the
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structure in FIGS. 1A to 1C in which the electrodes 114 are
embedded in the grooves formed in the low-resistance
regions 104a enables the electrodes 114 to be in contact with
the low-resistance regions 104¢ in the side surfaces of the
grooves; therefore, the low-resistance regions 104a and the
electrodes 114 can be electrically connected to each other in
large areas. Accordingly, a reduction in on-state current and
an increase in variations in electrical characteristics due to an
increase in contact resistance can be prevented even in a
minute fin-type transistor.

The effect of reducing contact resistance is enhanced as the
length of a side which is an interface between the channel
formation region 1045 and the low-resistance region 104a
(the length of a thick arrow O in FIG. 1B) becomes longer
than the length of a side which is an interface between the
channel formation region 1045 and the base film 102 (the
length of a thick arrow P in FIG. 1B) in a cross section of the
oxide semiconductor layer 104 taken along the longitudinal
direction of the oxide semiconductor layer 104 as illustrated
in FIG. 1B. Specifically, the length of the side which is the
interface between the channel formation region 1045 and the
low-resistance region 104a (also referred to as the thickness
of the channel formation region 1045) is preferably greater
than or equal to twice the length of the side which is the
interface between the channel formation region 1045 and the
base film 102 (also referred to as the length of the channel
formation region 1045 in the channel length direction).

In addition, as the size of the transistor 120 becomes small,
the channel length (a length denoted by a thick arrow M in
FIG. 1A) and the channel width (a length denoted by a thick
arrow N in FIG. 1A) are reduced. If the channel width is very
small, even when processing variations generated in the chan-
nel width direction are small at the time of processing the
oxide semiconductor layer 104, the processing variations
might have a large influence on variations in electrical char-
acteristics (such as variations in threshold voltage) because
the channel width W itself is very small.

However, when voltage is applied to the gate electrode 108
in the structure where the oxide semiconductor layer 104
including the channel formation region 1045 has a thin-plate
shape, a channel portion is formed in U-shape in the channel
formation region 1045 in the vicinity of an interface with the
gate insulating film 106 as shown by a thick dotted line Z1-72
in FIG. 1C. Therefore, a change in the channel width (the
length of the thick arrow N in FIG. 1A) which is generated in
the processing of the oxide semiconductor layer 104 has a
relatively small influence on variations in electrical charac-
teristics of the transistor 120.

An oxide semiconductor used for the thin-plate-shaped
oxide semiconductor layer 104 contains at least indium (In).
In particular, the oxide semiconductor preferably contains In
and zinc (Zn).

The oxide semiconductor layer 104 is in a single crystal
state, a polycrystalline (also referred to as polycrystal) state,
an amorphous state, or the like.

The oxide semiconductor layer 104 is preferably a CAAC-
OS (c-axis aligned crystalline oxide semiconductor) film.

The CAAC-OS film is not completely single crystal nor
completely amorphous. The CAAC-OS film is an oxide semi-
conductor film with a crystal-amorphous mixed phase struc-
ture where crystal parts are included in an amorphous phase.
Note that in most cases, the crystal part fits inside a cube
whose one side is less than 100 nm. From an observation
image obtained with a transmission electron microscope
(TEM), a boundary between an amorphous part and a crystal
part in the CAAC-OS film is not clear. Further, with the TEM,
a grain boundary in the CAAC-OS film is not found. Thus, in
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the CAAC-OS film, a reduction in electron mobility, due to
the grain boundary, is suppressed.

In each of the crystal parts included in the CAAC-OS film,
a c-axis is aligned with a direction parallel to a normal vector
of a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film, triangular or hex-
agonal atomic arrangement which is seen from the direction
perpendicular to the a-b plane is formed, and layers each
containing metal atoms and oxygen atoms overlap with each
other. Note that the direction of a normal vector of the layers
is a c-axis direction. Note that, among crystal parts, the direc-
tions of the a-axis and the b-axis of one crystal part may be
different from those of another crystal part. In this specifica-
tion, a simple term “perpendicular” includes a range from 85°
to 95°. In addition, a simple term “parallel” includes a range
from -5° to 5°.

In the CAAC-OS film, distribution of crystal parts is not
necessarily uniform. For example, in the formation process of
the CAAC-OS film, in the case where crystal growth occurs
from a surface side of the oxide semiconductor film, the
proportion of crystal parts in the vicinity of the surface of the
oxide semiconductor film is higher than that in the vicinity of
the surface where the oxide semiconductor film is formed in
some cases. Further, when an impurity is added to the CAAC-
OS film, the crystal part in a region to which the impurity is
added becomes amorphous in some cases.

Since the c-axes of the crystal parts included in the CAAC-
OS film are aligned in the direction parallel to a normal vector
of a surface where the CAAC-OS film is formed or a normal
vector of a surface of the CAAC-OS film, the directions of the
c-axes may be different from each other depending on the
shape of the CAAC-OS film (the cross-sectional shape of the
surface where the CAAC-OS film is formed or the cross-
sectional shape of the surface of the CAAC-OS film). Note
that when the CAAC-OS film is formed, the direction of
c-axis of the crystal part is the direction parallel to a normal
vector of the surface where the CAAC-OS film is formed ora
normal vector of the surface of the CAAC-OS film. The
crystal portion is formed by deposition or by performing
treatment for crystallization such as heat treatment after
deposition.

With the use of the CAAC-OS film in a transistor, change
in electric characteristics of the transistor due to irradiation
with visible light or ultraviolet light is small. Thus, the tran-
sistor has high reliability.

Note that nitrogen may be substituted for part of oxygen
included in the oxide semiconductor film.

In an oxide semiconductor having a crystal portion such as
the CAAC-OS, defects in the bulk can be further reduced and
when the surface flatness of the oxide semiconductor is
improved, mobility higher than that of an oxide semiconduc-
tor in an amorphous state can be obtained. In order to improve
the surface flatness, the oxide semiconductor is preferably
formed over a flat surface. Specifically, the oxide semicon-
ductor may be formed over a surface with the average surface
roughness (Ra) of less than or equal to 1 nm, preferably less
than or equal to 0.3 nm, more preferably less than or equal to
0.1 nm. Therefore, planarization treatment is preferably per-
formed on a surface over which the oxide semiconductor is to
be formed. As the planarization treatment, chemical mechani-
cal polishing (CMP) treatment, a dry etching method, or the
like may be used. Note that the CMP treatment may be per-
formed only once or plural times. When the CMP treatment is
performed plural times, first polishing is preferably per-
formed with a high polishing rate followed by final polishing
with a low polishing rate. By performing polishing steps with
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different polishing rates in combination, the planarity of the
surface over which the oxide semiconductor is to be formed
can be further improved.

Note that Ra is obtained by expanding, into three dimen-
sions, arithmetic mean surface roughness that is defined by
JIS B 0601: 2001 (ISO4287:1997) so as to be able to apply it
to a curved surface. Ra can be expressed as an “average value
of the absolute values of deviations from a reference surface
to a designated surface” and is defined by Formula (1).

1 V2 (%2 [FORMULA 1]
Razgf f \fe, ) - Zoldxdy
Y1

X1

Here, the specific surface is a surface which is a target of
roughness measurement, and is a quadrilateral region which
is specified by four points represented by the coordinates (x;,
Vi X Y1) (X1, Yo, (X1, ¥2)), (Ko, Yo, £(X20 ¥1))s and (X, Yo,
(x5, v5)). Sy represents the area of a rectangle which is
obtained by projecting the specific surface on the xy plane,
and Z, represents the height of the reference surface (the
average height of the specific surface). Ra can be measured
using an atomic force microscope (AFM).

As illustrated in FIG. 1B, the oxide semiconductor layer
104 includes the low-resistance regions 104a to which an
impurity for reducing electrical resistance is added and the
channel formation region 10456 sandwiched between the pair
of low-resistance regions 104a. Note that in the transistor
120, carriers (electrons or holes) are supplied from one of the
pair of low-resistance regions 104a to the channel formation
region 1045, and carriers (electrons or holes) are output from
the channel formation region 1045 to the other of the pair of
low-resistance regions 104q; therefore, the low-resistance
regions 104a can be referred to as a source region and a drain
region.

Note that the length of the channel formation region 1046
in the channel width direction (i.e., the length of the thick
arrow N in FIG. 1A) is preferably greater than orequal to 1 nm
and less than or equal to 60 nm when the oxide semiconductor
layer 104 is seen from the direction perpendicular to the base
film 102. The length of the portion is less than or equal to 60
nm and the gate electrode 108 covers the channel formation
region 1045 with the gate insulating film 106 positioned
therebetween, whereby the channel formation region 1045
can be fully depleted or substantially fully depleted. Accord-
ingly, the transistor 120 can have not only an extremely small
off-state current but also characteristics of a fully depleted
transistor, such as favorable subthreshold characteristics.
Note that since the oxide semiconductor layer 104 is formed
in thin-plate shape (which is also represented as a thin piece
shape), when the oxide semiconductor layer 104 is too thin, a
problem arises in that processing becomes difficult. There-
fore, it is preferable that the length of the portion is greater
than or equal to 1 nm.

As illustrated in FIGS. 1B and 1C, the gate electrode 108 is
provided over the oxide semiconductor layer 104 and covers
the top surface and the side surface of the channel formation
region 1045 with the gate insulating film 106 positioned
therebetween.

Although end portions of the gate electrode 108 overlap
with end portions of the channel formation region 1045 in
FIGS. 1A to 1C, this structure is not necessarily employed.
For instance, part of the gate electrode 108 may overlap with
the low-resistance region 104a (see FIG. 2A).

The length of the gate electrode 108 in the X1-X2 direction
(the length can also be referred to as the width of the gate
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electrode 108) is uniform in FIG. 1A but is not necessarily
uniform. For example, when the gate electrode 108 is electri-
cally connected to another semiconductor element (e.g., a
transistor), part of the gate electrode 108 also functions as a
wiring; therefore, in this case, wiring resistance can be
reduced by increasing the width of part of the gate electrode
108 which does not overlap with the oxide semiconductor
layer 104.

The electrodes 114 are electrically connected to the low-
resistance regions 104a in at least the side surfaces of the
grooves formed in the gate insulating film 106, the first inter-
layer insulating film 110, and the second interlayer insulating
film 112, and the electrodes 114 function as a source electrode
and a drain electrode of the transistor 120. In addition, a
conductive film which is formed in the same process as the
electrodes 114 may be used as a wiring for electrical connec-
tion between semiconductor elements, for example.

Note that part of the base film 102 is exposed in the grooves
in FIG. 1B; however this embodiment is not limited to this
structure. For example, the bottom portions of the electrodes
114 may be positioned in the low-resistance regions 104a as
illustrated in FIG. 2B. Such a structure enables the electrodes
114 to be electrically connected to the low-resistance regions
1044 in the side surfaces and the bottom surfaces of the
electrodes 114, so that contact resistance can be effectively
reduced. In addition, time for forming the grooves can be
reduced and thus time for manufacturing the semiconductor
element can be reduced. In terms of processability, the elec-
trode 114 may be in contact with one side surface of the
low-resistance region 104aq as illustrated in FI1G. 2C.

Note that when the oxide semiconductor layer 104 is seen
from the direction perpendicular to the base film 102 as illus-
trated in FIG. 1A, the electrodes 114 preferably cross the
low-resistance regions 104a in the channel width direction
(also referred to as the Y-axis direction). Accordingly, the
contact area of the electrode and the low-resistance region can
be increased, so that a reduction in on-state current and an
increase in variations in electrical characteristics due to an
increase in contact resistance can be effectively prevented.

The electrodes 114 are electrically connected to another
semiconductor element (e.g., a transistor) through the wirings
116.
<Method for Manufacturing Transistor 120>

An example of a manufacturing process of the transistor
120 in FIGS. 1A to 1C will be described with reference to
FIGS. 3A to 3C, FIGS. 4A and 4B, and FIGS. 5A and 5B.

First, the substrate 100 having an insulating surface is
prepared, and the base film 102 is formed over the substrate
100 (see FIG. 3A).

There is no particular limitation on a substrate that can be
used as the substrate 100 having an insulating surface as long
as it has at least heat resistance to withstand heat treatment
performed later. For example, a glass substrate of barium
borosilicate glass, aluminoborosilicate glass, or the like, a
ceramic substrate, a quartz substrate, or a sapphire substrate
can be used. As long as the substrate 100 has an insulating
surface, a single crystal semiconductor substrate or a poly-
crystalline semiconductor substrate of silicon, silicon car-
bide, or the like; a compound semiconductor substrate of
silicon germanium or the like; an SOI substrate; or the like
can be used.

A flexible substrate may alternatively be used as the sub-
strate 100. In the case where a flexible substrate is used, the
transistor 120 including the oxide semiconductor layer 104
may be directly formed over the flexible substrate, or alter-
natively, the transistor 120 including the oxide semiconductor
layer 104 may be formed over another manufacturing sub-
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strate and separated from the manufacturing substrate to be
transferred to the flexible substrate. Note that in order to
separate the transistor from the manufacturing substrate and
transfer it to the flexible substrate, a separation layer may be
provided between the manufacturing substrate and the tran-
sistor 120 including the oxide semiconductor layer 104.

Note that the substrate 100 is preferably made to shrink
(also referred to as thermally shrink) by heat treatment per-
formed in advance at a temperature lower than a strain point
of'the substrate 100, whereby shrinkage caused by heating of
the substrate in the manufacturing process of the transistor
120 can be suppressed. Thus, misalignment of masks in a
light exposure process or the like can be suppressed, for
example. In addition, moisture and organic substances which
are attached to the surface of the substrate 100 can be removed
by the heat treatment.

The base film 102 has a function of preventing diffusion of
impurities (e.g., metal elements such as aluminum, magne-
sium, strontium, and boron, hydrogen, and water) from the
substrate 100 to the oxide semiconductor layer 104, and pre-
venting adverse influence on the electrical characteristics of
the transistor 120 (for example, preventing a normally-on
state of a transistor (shift of the threshold value in the negative
direction), the occurrence of variation in threshold value, and
a reduction in field-effect mobility).

The base film 102 can be formed by a vacuum evaporation
method, a physical vapor deposition (PVD) method such as a
sputtering method, or a chemical vapor deposition (CVD)
method such as a plasma CVD method to have a single-layer
structure or a stacked-layer structure including one or more of
a silicon oxide film, a silicon oxynitride film, a silicon nitride
film, a silicon nitride oxide film, an aluminum oxide film, an
aluminum nitride film, an aluminum oxynitride film, an alu-
minum nitride oxide film, and the like. Note that in this
specification, a “silicon oxynitride film” refers to a film that
includes more oxygen than nitrogen, and a “silicon nitride
oxide film” refers to a film that includes more nitrogen than
oxygen.

Inview of improving productivity and preventing diffusion
of the impurity, the base film 102 preferably has a thickness
greater than or equal to 50 nm and less than or equal to 500
nm.

When oxygen vacancy exists in the channel formation
region 1045 of the transistor 120, charge is generated owing
to the oxygen vacancy in some cases. In general, part of
oxygen vacancy in an oxide semiconductor film serves as a
donor to release an electron which is a carrier. As a result, the
threshold voltage of the transistor shifts in the negative direc-
tion. Thus, it is preferable that the base film 102 contains
enough oxygen so as to sufficiently supply oxygen to the
oxide semiconductor layer.

When oxygen is contained in the base film 102, part of the
oxygen in the base film 102 can be released by heat treatment
after the formation of an oxide semiconductor film 103
described later, and can be supplied to the oxide semiconduc-
tor film 103 (or the oxide semiconductor layer 104) to com-
pensate the oxygen vacancy in the oxide semiconductor film
103 (or the oxide semiconductor layer 104). As a result, it is
possible to suppress a shift of the threshold voltage of the
transistor in the negative direction. In particular, the base film
102 preferably contains oxygen in a proportion higher than
that of oxygen in the stoichiometric composition in (a bulk of)
the film. For example, in the case where silicon oxide is used
as the base film 102, a film of silicon oxide represented by
Si0,, , (@>0) is preferably used. Note that a region contain-
ing oxygen in a proportion higher than that of oxygen in the
stoichiometric composition (hereinafter referred to as an
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“oxygen-excessive region” in some cases) may exist in at
least part of the base film 102.

In the case where a function of supplying oxygen to the
oxide semiconductor film 103 (or the oxide semiconductor
layer 104) by heat treatment is given to the base film 102, the
base film 102 is preferably formed with a stack of a film
having low oxygen permeability and a film having a high
oxygen-supplying property so that the oxygen released from
the base film 102 is efficiently supplied to the oxide semicon-
ductor film 103 (or the oxide semiconductor layer 104). For
instance, the base film 102 may be a film in which an alumi-
num oxide film (which is formed on a side in contact with the
substrate 100) having low oxygen permeability and a silicon
oxide film (which is formed on a side in contact with the oxide
semiconductor film 103) containing oxygen in a proportion
higher than that in the stoichiometric composition are
stacked.

It is preferable that the base film 102 contains as few
hydrogen atoms as possible. This is because when hydrogen
atoms are contained in the oxide semiconductor film 103
which is formed later steps, the hydrogen atoms are bonded to
an oxide semiconductor, so that part of the hydrogen serves as
adonor and electrons serving as carriers are generated, and as
a result, the threshold voltage of the transistor is shifted in the
negative direction. Therefore, in terms of a reduction in the
hydrogen atoms in the film, it is preferable to use physical
vapor deposition (PVD) such as a sputtering method for the
deposition of the base film 102, whereas in terms of reduc-
tions in variations in plane, particles to be mixed, and forma-
tion cycles, it is effective to use a CVD method for the depo-
sition of the base film 102. A CVD method is also effective in
forming a film on a large-sized substrate because of the above
effect.

In the case where the base film 102 is deposited by a CVD
method (e.g., a plasma CVD method), a gas containing hydro-
gen, such as a silane gas (SiH,) is used as a deposition gas, and
therefore, a large amount of hydrogen is contained in the base
film 102.

Therefore, after the base film 102 is deposited by a CVD
method, heat treatment for the purpose of removal of hydro-
gen atoms in a film (herein heat treatment for the purpose of
removal of hydrogen atom in the film is referred to as “dehy-
dration treatment” or “dehydrogenation treatment™) needs to
be performed on the deposited base film 102. The heat treat-
ment is performed at a temperature higher than or equal to
250° C. and lower than or equal to 650° C., preferably higher
than or equal to 450° C. and lower than or equal to 600° C. or
lower than the strain point of the substrate. For example, the
substrate may be introduced into an electric furnace, which is
one kind of heat treatment apparatuses, and heat treatment
may be performed on the base film 102 at 650° C. for one hour
in a vacuum (reduced pressure) atmosphere.

Further, the heat treatment apparatus is not limited to an
electric furnace, and a device for heating a process object by
heat conduction or heat radiation from a heating element such
as aresistance heating element may be alternatively used. For
example, an RTA (rapid thermal anneal) apparatus such as a
GRTA (gas rapid thermal anneal) apparatus or an LRTA
(lamp rapid thermal anneal) apparatus can be used. An LRTA
apparatus is an apparatus for heating an object to be processed
by radiation of light (an electromagnetic wave) emitted from
a lamp such as a halogen lamp, a metal halide lamp, a xenon
arc lamp, a carbon arc lamp, a high pressure sodium lamp, or
a high pressure mercury lamp. A GRTA apparatus is an appa-
ratus for performing heat treatment using a high-temperature
gas. As the high temperature gas, an inert gas which does not
react with an object by heat treatment, such as nitrogen or a
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rare gas like argon, is used. Note that in the case where a
GRTA apparatus is used as the heat treatment apparatus, the
substrate may be heated in an inert gas heated to a high
temperature of 650° C. to 700° C. because the heat treatment
time is short.

The heat treatment may be performed in an atmosphere of
nitrogen, oxygen, ultra-dry air (the moisture content is less
than or equal to 20 ppm, preferably less than or equal to 1
ppm, further preferably less than or equal to 10 ppb), or a rare
gas (such as argon or helium). Note that it is preferable that
water, hydrogen, and the like are not contained in the atmo-
sphere of nitrogen, oxygen, ultra-dry air, arare gas, or the like.
It is also preferable that the purity of nitrogen, oxygen, or the
rare gas which is introduced into a heat treatment apparatus is
set to be 6N (99.9999%) or higher, preferably 7N
(99.99999%) or higher (that is, the impurity concentration is
1 ppm or lower, preferably 0.1 ppm or lower).

In the case where the heat treatment is performed on the
base film 102, there is a possibility that part of oxygen as well
as hydrogen is removed from the base film 102. Thus, after the
heat treatment is performed, treatment for introducing oxy-
gen to the base film 102 (hereinafter referred to as “oxygen-
introducing treatment”) may be performed. Note that the
oxygen which is injected to the base film 102 by the oxygen-
introducing treatment contains at least one of an oxygen
radial, ozone, an oxygen atom, and an oxygen ion (including
amolecular ion and a cluster ion). By performing the oxygen-
introducing treatment on the base film 102 which has been
subjected to the dehydration treatment or dehydrogenation
treatment, oxygen can be contained in the base film 102,
thereby compensating the oxygen which is released from the
base film 102 by the dehydration treatment or dehydrogena-
tion treatment. In addition, the part of the oxygen in the base
film 102 is released by the heat treatment performed after the
formation of the oxide semiconductor film 103 described
later, so that oxygen is supplied to the oxide semiconductor
film 103 (or the oxide semiconductor layer 104) to compen-
sate the oxygen vacancy in the oxide semiconductor film 103
(or the oxide semiconductor layer 104).

The oxygen introduction to the base film 102 can be per-
formed by an ion implantation method, an ion doping
method, a plasma immersion ion implantation method,
plasma treatment, or the like, for example. Note that a gas
cluster ion beam may be used in an ion implantation method.
The oxygen-introducing treatment may be performed for the
entire surface of the substrate 100 by one step or may be
performed using a linear ion beam, for example. In the case
where the linear ion beam is used, the substrate or the ion
beam is relatively moved (the substrate is scanned), whereby
oxygen can be introduced to the entire surface of the base film
102.

As a gas for supplying oxygen, a gas containing O may be
used; for example, an O, gas, an N,O gas, a CO, gas, a CO
gas, or an NO, gas may be used. Note that the gas for supply-
ing oxygen may contain a rare gas (e.g., Ar).

In the case where the oxygen introduction is performed by
an ion implantation method, the dosage of the oxygen is
preferably greater than or equal to 1x10"? ions/cm? and less
than or equal to 5x10'¢ ions/cm?. Note that a depth at which
the oxygen is injected may be controlled by setting injection
conditions as appropriate.

In the case where an oxide insulating layer is used as the
base film 102, it is difficult to accurately estimate the oxygen
concentration of the oxide insulating layer by a method such
as secondary ion mass spectrometry (SIMS) because oxygen
is one of its main components in the oxide insulating layer.
That is, it is difficult to judge whether or not oxygen is inten-
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tionally added to the oxide insulating layer. The same applies
to the case where excessive oxygen contained in the base film
102 is supplied to the oxide semiconductor layer in a later
step.

Isotopes such as 17O or '*0 exist in oxygen, and it is know
that the existence proportions of them in nature are respec-
tively about 0.038% and about 0.2% of the whole oxygen
atoms. That is to say, it is possible to measure the concentra-
tions of these isotopes in the base film 102 by a method such
as SIMS; therefore, the oxygen concentration in the base film
102 is able to be estimated more accurately by measuring the
concentration of such an isotope in some cases. Thus, the
concentration of the isotope may be measured to determine
whether or not oxygen is intentionally added to the base film
102. Note that the above method can also be applied to the
oxide semiconductor layer 104 and the gate insulating film
106 which are formed in later steps.

The oxygen released from the base film 102 by the heat
treatment performed after the formation of the oxide semi-
conductor film 103 has not only an effect of compensating the
oxygen vacancy in the oxide semiconductor film 103 (or the
oxide semiconductor layer 104) but also an effect of reducing
the interface state density between the base film 102 and the
oxide semiconductor film 103 (or the oxide semiconductor
layer 104). Therefore, carrier trapping at the interface
between the oxide semiconductor layer and the base insulat-
ing layer due to the operation of a transistor, or the like can be
suppressed, and thus, a transistor having high reliability can
be obtained.

Although in the above description, the oxygen-introducing
treatment is performed on the base film 102 after the dehy-
dration treatment or dehydrogenation treatment is performed
thereon, the oxygen-introducing treatment may be performed
before the dehydration treatment or dehydrogenation treat-
ment. By performing the oxygen-introducing treatment on
the base film 102 before the dehydration treatment or dehy-
drogenation treatment, distortion is caused in the crystal
structure of the base film 102, so that a bond between a
constituent element (e.g., silicon) and hydrogen or a bond
between the element and a hydroxyl group is cut and the
hydrogen or the hydroxyl group reacts with the introduced
oxygen to generate water. Accordingly, the dehydration treat-
ment or dehydrogenation treatment is performed on the base
film 102 after the oxygen-introducing treatment, whereby the
hydrogen or hydroxyl group contained in the base film 102
can be easily released as water. In addition, a temperature of
the dehydration treatment or dehydrogenation treatment or
the process time can be reduced.

One or both of the oxygen-introducing treatment and the
dehydration treatment (or dehydrogenation treatment) may
be performed plural times. For example, when first oxygen-
introducing treatment, dehydration treatment (or dehydroge-
nation treatment) and second oxygen-introducing treatment
are sequentially performed, i.e., oxygen-introducing treat-
ment is performed twice, a larger amount of oxygen can be
introduced to the crystal structure by the second oxygen-
introducing treatment because distortion is caused in the crys-
tal structure by the first oxygen-introducing treatment. As a
result, the released amount of oxygen at the time of perform-
ing the heat treatment on the base film 102 can be increased.

Next, the oxide semiconductor film 103 is deposited over
the base film 102 by a physical vapor deposition (PVD)
method such as a vacuum evaporation method or a sputtering
method or a chemical vapor deposition (CVD) method such
as a plasma CVD method (see FIG. 3B).

An oxide semiconductor used for the oxide semiconductor
film 103 contains at least indium (In). In particular, In and
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zinc (Zn) are preferably contained. In addition, as a stabilizer
for reducing the variation in electric characteristics of a tran-
sistor using the oxide semiconductor, the oxide semiconduc-
tor preferably contains gallium (Ga) in addition to In and Zn.
Tin (Sn) is preferably contained as a stabilizer. Hafnium (Hf)
is preferably contained as a stabilizer. Aluminum (Al) is
preferably contained as a stabilizer. Zirconium (Zr) is prefer-
ably contained as a stabilizer.

As another stabilizer, one or plural kinds oflanthanoid such
as lanthanum (La), cerium (Ce), praseodymium (Pr), neody-
mium (Nd), samarium (Sm), europium (Eu), gadolinium
(Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium
(Er), thulium (Tm), ytterbium (Yb), or lutetium (Lu) may be
contained.

As the oxide semiconductor, for example, any of the fol-
lowing can be used: indium oxide, tin oxide, zinc oxide, an
In—7n-based oxide, an In—Mg-based oxide, an In—Ga-
based oxide, an In—Ga—Z7n-based oxide (also referred to as

1GZ0), an In—Al—Zn-based oxide, an In—Sn—Zn-based
oxide, an In—Hf—Zn-based oxide, an In—La—Zn-based
oxide, an In—Ce—Zn-based oxide, an In—Pr—Zn-based
oxide, an In—Nd—Zn-based oxide, an In—Sm—Zn-based
oxide, an In—FEu—Zn-based oxide, an In—Gd—Zn-based
oxide, an In—Tb—Z7n-based oxide, an In—Dy—Zn-based
oxide, an In—Ho—Zn-based oxide, an In—FEr—Zn-based

oxide, an In—Tm—Zn-based oxide, an In—Yb—Zn-based
oxide, or an In—Lu—Zn-based oxide, an In—Sn—Ga—Zn-
based oxide, an In—Hf—Ga—Zn-based oxide, an In—Al—
Ga—Zn-based oxide, an In—Sn—Al—Zn-based oxide, an
In—Sn—Hf—Zn-based oxide, and an In—Hf—Al—Zn-
based oxide.

Note that here, for example, an “In—Ga—Z7n-based
oxide” means an oxide containing In, Ga, and Zn as its main
component and there is no particular limitation on the ratio of
In:Ga:Zn. The In—Ga—Z7n-based oxide may contain a metal
element other than the In, Ga, and Zn.

Alternatively, a material represented by InMO;(Zn0O),,
(m>0 is satisfied, and m is not an integer) may be used as an
oxide semiconductor. Note that M represents one or more
metal elements selected from Ga, Fe, Mn, and Co. Alterna-
tively, as the oxide semiconductor, a material expressed by a
chemical formula, In,SnO4(Zn0), (n>0, n is an integer) may
be used.

For example, an In—Ga—Z7n-based oxide with an atomic
ratio of In:Ga:Zn=1:1:1 (=V4:V4:14), In:Ga:Zn=2:2:1 (=35:%5:
15), In:Ga:Zn=1:3:2 (=Ve:V4:14), or In:Ga:Zn=3:1:2 (=V4:&:
14), or any of oxides whose composition is in the neighbor-
hood of the above compositions can be used. Alternatively, an
In—Sn—Z7n-based oxide with an atomic ratio of In:Sn:Zn=1:
1:1 (=Y5:V4014), IniSn:Zn=2:1:3 (=V4:%:Y%), or In:Sn:Zn=2:
1:5 (=Va:1/4:%43), or any of oxides whose composition is in the
neighborhood of the above compositions may be used.

However, without limitation to the materials given above, a
material with an appropriate composition may be used as the
oxide semiconductor containing indium depending on
needed semiconductor characteristics (e.g., mobility, thresh-
old voltage, and variation). In order to obtain the required
semiconductor characteristics, it is preferable that the carrier
concentration, the impurity concentration, the defect density,
the atomic ratio between a metal element and oxygen, the
interatomic distance, the density, and the like be set to appro-
priate values.

For example, high mobility can be obtained relatively eas-
ily in the case of using an In—Sn—7n oxide. However,
mobility can be increased by reducing the defect density in a
bulk also in the case of using an In—Ga—Z7n-based oxide.
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For example, in the case where the composition of an oxide
containing In, Ga, and Zn at the atomic ratio, In:Ga:Zn=a:b:c
(at+b+c=1), is in the neighborhood of the composition of an
oxide containing In, Ga, and Zn at the atomic ratio, In:Ga:
Zn=A:B:C (A+B+C=1), a, b, and c satisfy the following
relation: (a—A)*+(b-B)*+(c-C)*<r?, and r may be 0.05, for
example. For example, r may be 0.05. The same applies to
other oxides.

In order to reduce oxygen vacancy in the oxide semicon-
ductor film 103 as much as possible, it is preferable that the
oxide semiconductor film 103 is deposited in a deposition
atmosphere in which an oxygen gas accounts for a large
proportion; therefore, it is preferable to use a sputtering appa-
ratus into which oxygen can be introduced and in which the
gas flow rate can be adjusted. Further, 90% or more of the gas
introduced into a deposition chamber of the sputtering appa-
ratus is an oxygen gas, and in the case where another gas is
used in addition to the oxygen gas, a rare gas is preferably
used. Further, it is more preferable that the gas introduced into
the deposition chamber is only an oxygen gas and the per-
centage of an oxygen gas in the deposition atmosphere is as
closer to 100% as possible.

In the deposition of the oxide semiconductor film 103
using a sputtering apparatus, any one of a variety of targets
having the above compositions may be used as a target. For
example, an oxide target with an atomic ratio where In:Ga:
Zn=1:1:1, an oxide target with an atomic ratio where In:Ga:
Zn=3:1:2, or an oxide target with an atomic ratio where
In:Ga:Zn=2:1:3 can be used. Note that the relative density of
the target is 90% to 100%, preferably 95% to 99.9%. The use
of the target with high relative density enables the formed
oxide semiconductor film 103 to be a dense film.

It is preferable that the gas used for the deposition of the
oxide semiconductor film 103 does not contain an impurity
such as water, hydrogen, a hydroxyl group, or hydride. Fur-
ther, it is preferable to use a gas having a purity greater than or
equal to 6N, preferably greater than or equal to 7N (i.e., the
impurity concentration in the gas is less than or equal to 1
ppm, preferably less than or equal to 0.1 ppm).

When the oxide semiconductor film 103 contains a large
amount of hydrogen, the hydrogen and an oxide semiconduc-
tor are bonded to each other, so that part of the hydrogen
serves as a donor and causes generation of an electron which
is a carrier. As a result, the threshold voltage of the transistor
shifts in the negative direction. Accordingly, the hydrogen
concentration in the oxide semiconductor film 103 is lower
than 5x10'® atoms/cm?®, preferably lower than or equal to
1x10'® atoms/cm®, more preferably lower than or equal to
5x10'7 atoms/cm?, still more preferably lower than or equal
to 1x10"® atoms/cm>. Note that the concentration of hydro-
gen in the oxide semiconductor film is measured by second-
ary ion mass spectrometry (SIMS).

Further, in the deposition of the oxide semiconductor film
103, in order to remove moisture (including water, water
vapor, hydrogen, a hydroxyl group, or hydride) in the depo-
sition chamber, an entrapment vacuum pump such as a cry-
opump, an ion pump, or a titanium sublimation pump is
preferably used. The evacuation unit may be a turbo molecu-
lar pump provided with a cold trap. From the deposition
chamber which is evacuated with a cryopump, a hydrogen
atom, a compound containing a hydrogen atom such as water
(H,O) (more preferably, also a compound containing a car-
bon atom), and the like are removed, whereby the concentra-
tion of an impurity such as hydrogen or moisture in the oxide
semiconductor film 103 formed in the deposition chamber
can be reduced.
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When the oxide semiconductor film 103 contains an alkali
metal or an alkaline earth metal, the alkali metal or the alka-
line earth metal and an oxide semiconductor are bonded to
each other, so that carriers are generated in some cases, which
causes an increase in the off-state current of the transistor.
Accordingly, it is desirable that the concentration of an alkali
metal or an alkaline earth metal in the oxide semiconductor
film 103 be lower than or equal to 1x10"® atoms/cm?, prefer-
ably lower than or equal to 2x10'® atoms/cm?>.

In the case where the CAAC-OS film is deposited as the
oxide semiconductor film 103, any of the following three
methods may be employed. The first method is the one in
which the oxide semiconductor film 103 is deposited at a
temperature higher than or equal to 200° C. and lower than or
equal to 450° C., so that the oxide semiconductor film 103
serves as the CAAC-OS film. The second method is the one in
which the oxide semiconductor film 103 is deposited and then
subjected to heat treatment at a temperature higher than or
equalto 200° C. and lower than or equal to 700° C., so that the
oxide semiconductor film 103 serves as the CAAC-OS film.
The third method is the one in which a first oxide semicon-
ductor film with a small thickness is deposited and heat treat-
ment is performed on the first oxide semiconductor film at a
temperature higher than or equal to 200° C. and lower than or
equal to 700° C., so that the first oxide semiconductor film
serves as a CAAC-OS film; then, a second oxide semicon-
ductor film is deposited over the first oxide semiconductor
film using a crystal in the first oxide semiconductor film as a
seed crystal, whereby the CAAC-OS film is obtained.

The thickness (the length in the z-axis direction) of the
oxide semiconductor film 103 needs to be changed in accor-
dance with the channel width (the length of the thick arrow N
in FIG. 1A) of the channel formation region 1045 to be
formed in a later step. Specifically, the thickness (the length in
the z-axis direction) of the oxide semiconductor film 103 is
preferably greater than or equal to twice the designed value of
the channel width direction. Accordingly, an effect of reduc-
ing the contact resistance between the low-resistance region
104a and the electrode 114 which are formed in later steps can
be enhanced effectively.

Note that before the formation of the oxide semiconductor
film 103, treatment (also referred to as reverse sputtering
treatment) in which an argon gas is introduced and plasma is
generated to remove powdery substances (also referred to as
particles or dust) or an organic substance attached on the
surface of the base film 102 is preferably performed. Note that
instead of argon, a gas of nitrogen, helium, oxygen or the like
may be used.

Next, a mask 105 is formed over the oxide semiconductor
film 103 by a photolithography method, a printing method, an
ink-jet method, or the like, and part of the oxide semiconduc-
tor film 103 is selectively removed using the mask to form the
oxide semiconductor layer 104 (see FIG. 3C).

A length in the short-side direction (the dashed dotted line
Y1-Y2 direction) of the oxide semiconductor layer 104
formed by processing the oxide semiconductor film 103 is
very short as illustrated in FIGS. 1A to 1C; therefore, the
oxide semiconductor film 103 is preferably processed by a
dry etching method such as an ion beam etching method or a
reactive ion etching (RIE) method, which is a highly aniso-
tropic etching method. Alternatively, a beam etching method
using neutral particles may be employed.

Note that a resist mask and a hard mask can be used as the
105. In particular, in the case where the thickness of the oxide
semiconductor layer 104 (the length of a thick arrow F in FIG.
3C)islarger than the length in the Y1-Y2 direction (the length
of a thick arrow E in FIG. 3C) of the oxide semiconductor
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layer 104, there is a possibility that the resist mask is removed
in the processing of the oxide semiconductor film 103 when
only the resist mask is formed for the processing, so that the
processing of the oxide semiconductor film 103 might not
reach the bottom of the oxide semiconductor film 103. In this
case, after a film to serve as a hard mask is formed over the
oxide semiconductor film 103, a resist mask is formed over
the film, and then a hard mask is formed using the resist mask.
Then, the oxide semiconductor film 103 is processed using
the hard mask (as well as the resist mask when the resist mask
remains). Note that a silicon oxide film, a silicon nitride film,
a tungsten film, or the like can be used for the hard mask.

Although not illustrated in FIG. 3C, the mask 105 is
removed by treatment with a chemical solution or etching
treatment after the oxide semiconductor layer 104 is formed.

Next, the gate insulating film 106 and a conductive film 107
are deposited over the base film 102 and the oxide semicon-
ductor layer 104 using a physical vapor deposition (PVD)
method such as a vacuum evaporation method or a sputtering
method or a chemical vapor deposition (CVD) method such
as a plasma CVD method (see FIG. 4A).

In order that the transistor 120 has high performance (e.g.,
in order to reduce the transistor 120 in size or reduce power
consumption of the transistor 120), it is necessary that the
gate insulating film 106 is thinner. Thus, if coverage with the
gate insulating film 106 is bad, a film breakage of the gate
insulating film 106 occurs in some cases. Therefore, a CVD
method, which provides relatively good film coverage, is
preferably used for forming the gate insulating film 106. In
addition, a method for forming a stack at an atomic level, such
as an atomic layer deposition (ALD) method may be used. A
film formed by an ALD method is excellent in step coverage,
thickness controllability, and thickness uniformity; therefore,
an ALD method is suitable for forming a film covering the
thin-plate-shaped oxide semiconductor layer 104 as illus-
trated in FIG. 4A.

As the gate insulating film 106, an oxide semiconductor
film having a sufficient withstand voltage and a sufficient
insulating property is preferably used. Therefore, the gate
insulating film 106 may be formed by the above deposition
method to have a single-layer structure or a stacked-layer
structure of a silicon oxide film, a silicon oxynitride film, a
silicon nitride film, a silicon nitride oxide film, an aluminum
oxide film, an aluminum nitride film, an aluminum oxynitride
film, an aluminum nitride oxide film, a gallium oxide film, an
yttrium oxide film, a lanthanum oxide film, or the like. A
high-k material film such as a hafhium oxide film, a hatnium
silicate film (HfSi,0, (x>0, y>0)), a hafnium silicate film to
which nitrogen is added (HfSiO,N (x>0, y>0)), or a hafnium
aluminate film (HfAL O, (x>0, y>0)), may be used as at least
part of the gate insulating film 106. Thus, gate leakage current
can be reduced.

The thickness of the gate insulating film 106 is preferably
greater than or equal to 1 nm and less than or equal to 300 nm,
more preferably greater than or equal to 5 nm and less than or
equal to 50 nm. [eakage due to a tunnel current is found to be
increased with a thickness of the gate insulating film of less
than or equal to 5 nm.

As the gate insulating film 106, an oxide insulating film
capable of releasing part of oxygen by heat treatment and
supplying the oxygen to the oxide semiconductor layer 104 to
compensate the oxygen vacancy in the oxide semiconductor
layer 104 may be formed like in the case of the base film 102.
The description of the base film 102 can be referred to for the
details of the heat treatment. Note that there is no particular
limitation on the timing when the heat treatment (dehydration
treatment (or dehydrogenation treatment)) is performed on
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the gate insulating film 106 as long as it is after the gate
insulating film 106 is deposited.

In addition, oxygen-introducing treatment may be per-
formed on the gate insulating film 106 in a manner similar to
that of the base film 102. It is necessary that insulation
between the channel formation region 1045 and the gate
electrode 108 which are formed in later steps is ensured by the
gate insulating film 106; therefore, the oxygen-introducing
treatment is preferably performed so that damage to the gate
insulating film 106 is small. Therefore, in the case where the
thickness of the gate insulating film 106 is less than or equal
to 50 nm, oxygen plasma treatment may be performed as the
oxygen-introducing treatment. Note that in the case where a
method which causes less damage to the gate insulating film
106 (e.g., oxygen plasma treatment) is performed as the oxy-
gen-introducing treatment, one or both of the oxygen-intro-
ducing treatment and the dehydration treatment (or dehydro-
genation treatment) may be performed on the gate insulating
film 106 plural times in a manner similar to that of the base
film 102.

The conductive film 107 may be formed by depositing a
metal material such as molybdenum (Mo), titanium (11), tan-
talum (Ta), tungsten (W), aluminum (Al), copper (Cu), chro-
mium (Cr), neodymium (Nd), or scandium (Sc); or an alloy
material mainly containing any of these materials by a physi-
cal vapor deposition (PVD) method such as a vacuum evapo-
ration method or a sputtering method or a chemical vapor
deposition (CVD) method such as a plasma CVD method.

The conductive film 107 may have a single-layer structure
or a stacked-layer structure of two or more layers. For
example, a single-layer structure of aluminum containing
silicon, atwo-layer structure in which titanium is stacked over
aluminum, a two-layer structure in which titanium is stacked
over titanium nitride, a two-layer structure in which tungsten
is stacked over titanium nitride, a two-layer structure in which
tungsten is stacked over tantalum nitride, a two-layer struc-
ture in which Cu is stacked over a Cu—Mg—Al alloy, a
two-layer structure in which copper is stacked over titanium
nitride, a three-layer structure in which titanium nitride, cop-
per, and tungsten are stacked in this order, a three-layer struc-
ture in which titanium nitride, copper and molybdenum are
stacked in this order, and the like can be given.

Alternatively, a conductive metal oxide material may be
used. As the conductive metal oxide material, indium oxide
(In,0O5), tin oxide (SnO,), zinc oxide (ZnO), indium tin oxide
(In,O;—Sn0O,, which is abbreviated to ITO in some cases),
indium zinc oxide (In,O;—Zn0O), or any of these metal oxide
materials containing silicon, silicon oxide, titanium oxide, or
tungsten oxide can be used. The conductive film 107 may be
formed with a single layer or a stack of layers using one or
more of the above materials.

As the conductive film 107, a metal oxide film containing
nitrogen, specifically, an In—Ga—Z7n—O film containing
nitrogen, an In—Sn—O film containing nitrogen, an
In—Ga—O film containing nitrogen, an In—7n—0O film
containing nitrogen, a Sn—O film containing nitrogen, an
In—O film containing nitrogen, or a metal nitride (e.g., InN or
SnN) film can be used. These films each have a work function
of 5 eV or higher, preferably 5.5 eV or higher; thus, the
threshold voltage of the electric characteristics of the transis-
tor can be positive when any of these films is in contact with
the gate insulating film 106. Accordingly, what is called a
normally-off switching element can be obtained.

Next, a resist mask is formed over part of the conductive
film 107 by a photolithography method, a printing method, an
ink-jet method, or the like, and part of the conductive film 107
is selectively removed by a dry etching method or a wet
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etching method using the mask to form the gate electrode 108
(including a wiring formed using the same layer) (see FIG.
4B).

Next, impurity ions 109 by which the conductivity of the
oxide semiconductor layer 104 is changed are introduced to
the oxide semiconductor layer 104 by an ion doping method
or an ion implantation method. Atthis time, the gate electrode
108 functions as a mask and thus the low-resistance regions
104a to which the impurity ions 109 are added and the chan-
nel formation region 1045 sandwiched between the pair of
low-resistance regions 104q are formed in the oxide semicon-
ductor layer 104 in a self-aligning manner (see FIG. 5A).
Note that since the oxide semiconductor layer 104 has a
thin-plate shape as illustrated in FIGS. 1A to 1C, it is difficult
to introduce the impurity ions 109 to the vicinity of the bottom
(a surface in contact with the base film 102) of the oxide
semiconductor layer 104 when the impurity ions 109 are
introduced from a direction which is substantially perpen-
dicular to the surface of the oxide semiconductor layer 104
(i.e., in the z-axis direction in FIGS. 1A to 1C). Accordingly,
the ion-introducing treatment is preferably performed in such
a manner that the impurity ions 109 are injected from an
oblique direction as illustrated in the right drawing of FIG. 5A
(such injection is also referred to as oblique injection or
oblique ion injection). Alternatively, the ion-introducing
treatment may be performed in such a manner that oblique
injection is performed while the substrate 100 is rotated about
the center of the plane of the substrate 100 as an axis (such
injection is also referred to as rotation injection or rotation ion
injection). Note that although the impurity ions 109 seem to
be introduced to the channel formation region 1045 which is
illustrated in the cross section along the dashed-dotted line
Y1-Y2 in the right drawing of FIG. 5A, the illustration is
made for easy conceptual understanding of the oblique injec-
tion of the impurity ions 109 to the oxide semiconductor layer
104. Therefore, actually, the channel formation region 1045
illustrated in the cross-section along the dashed-dotted line
Y1-Y2 is covered with the gate electrode 108 with the gate
insulating film 106 positioned therebetween, and thus, unlike
in the drawing, the impurity ions are not introduced to the
channel formation region 1044.

Note that in the case where the low-resistance regions 104a
and the channel formation region 1045 are formed using the
gate electrode 108 as the mask as described above, the impu-
rity ions 109 may also be introduced to part of the oxide
semiconductor layer 104 which overlaps with the gate elec-
trode 108, so that a portion of the part of the oxide semicon-
ductor layer 104 which overlaps with the gate electrode 108
can be included in the low-resistance region 104a as illus-
trated in FIG. 2A. In this case, the amount of the impurity ions
109 introduced to the portion is smaller than that of the
impurity ions 109 introduced to part of the low-resistance
regions 104a which does not overlap with the gate electrode
108; therefore, the portion functions as an electric-field-re-
laxing region which relaxes an electric field applied to the
channel formation region. Therefore, the structure of FIG. 2A
may be considered as the one in which the electric-field-
relaxing region is formed between the channel formation
region 1045 and each of the low-resistance regions 104a.
Note that the electric-field-relaxing region may have a con-
centration distribution of the impurity ion 109 such that the
concentration of the impurity ion 109 becomes low as the
distance to the channel formation region 1045 is reduced.

One or more selected from the following can be used as the
impurity ion 109: Group 15 elements (typified by nitrogen
(N), phosphorus (P), arsenic (As), and antimony (Sb)), boron
(B), aluminum (Al), argon (Ar), helium (He), neon (Ne),
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indium (In), fluorine (F), chlorine (CO, titanium (1), and zinc
(Zn). Note that an ion implantation method uses a mass sepa-
rator with which only necessary ion is extracted, and thus
only the impurity ion 109 can be selectively added to an object
by an ion implantation method. An ion implantation method
is thus preferably employed, in which case the entry of impu-
rities (e.g., hydrogen) into the oxide semiconductor layer 104
is reduced as compared to the case where the ion is added by
an ion doping method. Note that the use of an ion doping
method is not excluded.

Next, the first interlayer insulating film 110 and the second
interlayer insulating film 112 are provided over the gate insu-
lating film 106 and the gate electrode 108, and then grooves
113 are formed in part of the first interlayer insulating film
110, the second interlayer insulating film 112, the gate insu-
lating film 106, and the low-resistance regions 104a (see FIG.
5B).

In the case where an inorganic material film is used for the
first interlayer insulating film 110 or the second interlayer
insulating film 112, the inorganic material film may be depos-
ited using the same material and method as those of the gate
insulating film 106.

In the case where an organic material film is deposited as
the first interlayer insulating film 110 or the second interlayer
insulating film 112, the organic material film may be formed
in such a manner that a material having an insulating property
is applied by a spin coating method, a printing method, a
dispensing method, an ink-jet method, or the like, and cure
treatment (e.g., heat treatment or light irradiation treatment)
is performed depending on the applied material. As the mate-
rial having an insulating property, for example, an organic
resin such as an acrylic resin, a polyimide resin, a polyamide
resin, a polyamide-imide resin, or an epoxy resin can be used.
In addition to such resin materials, it is also possible to use a
low-dielectric constant material (low-k material), a siloxane-
based resin, phosphosilicate glass (PSG), borophosphosili-
cate glass (BPSG), or the like. Note that a plurality of insu-
lating films formed of any of these materials may be stacked.
The planarizing insulating film in many cases contains a
relatively large number of impurities such as moisture and
therefore is preferably formed over the above-described insu-
lating film (e.g., aluminum oxide or a stacked-layer film con-
taining aluminum oxide).

As the first interlayer insulating film 110, an aluminum
oxide film may be formed by a sputtering method. An alumi-
num oxide film is highly effective in preventing the entry of
impurities such as moisture and hydrogen from the outside.
Therefore, when an aluminum oxide film or a stack including
an aluminum oxide film is formed as the first interlayer insu-
lating film 110, the entry of impurities such as moisture and
hydrogen to the oxide semiconductor layer 104 can be pre-
vented. Note that the effect of preventing the entry of the
impurities such as moisture and hydrogen to the oxide semi-
conductor layer 104 is effectively enhanced when the density
of'the aluminum oxide film is set to higher than or equal to 3.2
g/cm’, preferably higher than or equal to 3.5 g/cm”.

In addition, in the case where an oxide insulating film from
which part of oxygen can be released by heat treatment is used
as the gate insulating film 106 and dehydration treatment (or
dehydrogenation treatment) is performed after the formation
of'the first interlayer insulating film 110, when an aluminum
oxide film is used as the first interlayer insulating film as
described above, the oxygen released from the gate insulating
film 106 can be prevented from being diffused to the second
interlayer insulating film 112 side, so that oxygen can be
efficiently supplied to the oxide semiconductor layer 104.



US 9,236,428 B2

23

Note that in the case where a film which is highly effective
in preventing the entry of the impurities such as moisture and
hydrogen is used as each of the base film 102 and the first
interlayer insulating film 110, a structure illustrated in FIGS.
1A to 1C, in which the film covers the periphery of the whole
oxide semiconductor layer 104, is formed. With such a struc-
ture, oxygen can be extremely effectively supplied to the
oxide semiconductor layer 104 in the dehydration treatment
(or the dehydrogenation treatment) after the formation of the
first interlayer insulating film 110.

Although there is no particular limitation on the thickness
of'the first interlayer insulating film 110, the thickness of the
first interlayer insulating film 110 is preferably greater than or
equal to 100 nm and less than or equal to 500 nm in view of the
above impurity-preventing effect and the cycle time of the
transistor 120.

The second interlayer insulating film 112 may be formed in
such a manner that a photosensitive polyimide resin is applied
by a spin coating method and cure treatment is performed. An
organic material film of a photosensitive polyimide resin or
the like is formed over the first interlayer insulating film 110,
whereby a surface can be planarized. Accordingly, another
semiconductor element can be easily formed over the transis-
tor 120. Therefore, in particular, such formation of the
organic material film is preferable to form of a stacked-layer
semiconductor device in which semiconductor elements are
provided in different levels.

Although there is no particular limitation on the thickness
of the second interlayer insulating film 112, the thickness of
the second interlayer insulating film 112 is preferably greater
than or equal to 100 nm and less than or equal to 3000 nm in
view of an effect of planarization and time and conditions for
curing the resin.

The grooves 113 are formed by a dry etching method or a
wet etching method. Note that the bottoms of the grooves 113
are located at the surface of the base film 102 in FIG. 5B;
however, such an opening state is not necessarily provided.
For example, the bottoms of the grooves 113 may be located
inside the low-resistance regions 104q as illustrated in FIG.
2B, or may be located inside the base film 102.

It is preferable that the grooves 113 are formed to cross the
low-resistance regions 104a in the channel width direction
(Y-axis direction) when the oxide semiconductor layer 104 is
seen from a direction perpendicular to the base film 102 as
illustrated in FIG. 1A; however, this structure is not necessar-
ily employed.

Next, a conductive film is deposited over the second inter-
layer insulating film 112 and subjected to removal treatment
to form the pair of electrodes 114 between which the gate
electrode 108 is positioned in the grooves 113 (see FIG. 6A).
Through the above process, it is possible to form the transistor
120 which includes the oxide semiconductor layer 104
including the channel formation region 1044 and the pair of
low-resistance regions 104a between which the channel for-
mation region 1045 is positioned; the gate insulating film 106
covering the oxide semiconductor layer 104; the gate elec-
trode 108 covering at least the channel formation region 1045
with the gate insulating film 106 positioned therebetween;
and the electrodes 114 electrically connected to the low-
resistance regions 104a. Note that the pair of electrodes 114 is
electrically connected to the low-resistance regions 104a and
serves as a source electrode and a drain electrode.

As the conductive film used for the electrodes 114, for
example, a metal film containing an element selected from
aluminum, chromium, copper, tantalum, titanium, molybde-
num, or tungsten, or a metal nitride film containing any of the
above elements as its component (e.g., a titanium nitride film,
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a molybdenum nitride film, or a tungsten nitride film) can be
used. Alternatively, the electrodes 114 may have a structure in
which a film of a high-melting-point metal such as titanium,
molybdenum, or tungsten, or a nitride film of any of these
metals (a titanium nitride film, a molybdenum nitride film, or
a tungsten nitride film) is stacked on either or both of the
bottom surface and the top surface of a metal film of alumi-
num, copper, or the like. The conductive film used for the
electrodes 114 may be formed of conductive metal oxide. As
the conductive metal oxide, indium oxide (In,0,), tin oxide
(Sn0,), zinc oxide (ZnO), indium tin oxide (In,0;—SnO,,
which is abbreviated to ITO in some cases), or indium zinc
oxide (In,O;—7n0) can be used. The conductive film used
for the source electrode and the drain electrode can be formed
using any of the above materials to have a single layer or a
stacked structure. There is no particular limitation on the
method for forming the layer containing a conductive mate-
rial, and a variety of film formation methods such as an
evaporation method, a CVD method, a sputtering method, or
a spin coating method can be employed.

As the removal treatment performed on the conductive
film, chemical mechanical polishing (CMP), a dry etching
method, or the like may be used like in the case of the pla-
narization treatment.

After that, a conductive film is deposited over the second
interlayer insulating film 112 and the electrodes 114. Then, a
mask is formed over the conductive film by a photolithogra-
phy method, a printing method, an ink-jet method, or the like,
and part of the conductive film is selectively removed using
the mask to form the wirings 116 (see F1G. 6B). For example,
the wirings 116 function as leading wirings which electrically
connect the transistor 120 and another transistor to each other.
Note that a material which is similar to that of the electrodes
114 can be used for the conductive film used for the wirings
116.

Through the above process, the structure illustrated in
FIGS. 1A to 1C can be formed.

Embodiment 2

In this embodiment, the structure of a semiconductor ele-
ment whose structure is different from that described in
Embodiment 1 and a method for manufacturing the semicon-
ductor element will be described with reference to FIGS. 7A
to 7C, FIGS. 8A and 8B, FIGS. 9A and 9B, FIGS. 10A and
10B, FIG. 11, FIGS. 12A and 12B, and FIGS. 13A and 13B.
<Structural Example of Semiconductor Element>

FIGS. 7A to 7C illustrate an example of a plan view and
cross-sectional views of a top-gate transistor as an example of
a semiconductor element. FIG. 7A is a plan view. FIG. 7B is
a cross-sectional view taken along dashed-dotted line X1-X2
in FIG. 7A. FIG. 7C is a cross-sectional view taken along
dashed-dotted line Y1-Y2 in FIG. 7A. Note that in FIG. 7A,
some components (e.g., the substrate 100) of a transistor 720
are not illustrated to avoid complexity.

The transistor 720 in this embodiment is different from the
transistor described in Embodiment 1 in that the transistor
720 includes a structure body 710 including an oxide semi-
conductor layer 708 and a pair of electrodes 706 between
which the oxide semiconductor layer 708 is positioned and
surfaces of which are at the same level as a surface of the
oxide semiconductor layer 708.

The transistor 720 illustrated in FIGS. 7A to 7C includes
the base film 102 provided over the substrate 100; the struc-
ture body 710 which is provided over the base film 102 and
includes the electrodes 706 and the oxide semiconductor
layer 708; the gate insulating film 106 which covers the
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structure body 710; and the gate electrode 108 which is
located over the gate insulating film 106 and covers a top
surface and a side surface of the oxide semiconductor layer
708 with the gate insulating film 106 positioned therebe-
tween. In addition, the first interlayer insulating film 110 and
the second interlayer insulating film 112 which cover the gate
insulating film 106 and the gate electrode 108 are provided
over the transistor 720. The wirings 116 are electrically con-
nected to the electrodes 706 through grooves provided in the
gate insulating film 106, the first interlayer insulating film
110, and the second interlayer insulating film 112. Although
not illustrated, the transistor 720 is electrically connected to
another semiconductor element (e.g., a transistor) through the
wiring 116.

As illustrated in FIG. 7B, the structure body 710 includes
the pair of electrodes 706 and the oxide semiconductor layer
708 sandwiched between the pair of electrodes 706. The
oxide semiconductor layer 708 functions as the channel for-
mation region 1045 of Embodiment 1, and the pair of elec-
trodes 706 is provided directly in contact with the oxide
semiconductor layer 708. Therefore, unlike in Embodiment
1, a region serving as a resistive component (which corre-
sponds to the low-resistance regions 104a in Embodiment 1)
does not exist between the channel formation region and the
electrodes, and thus an adverse effect on the electrical char-
acteristics of the transistor (e.g., a reduction in the on-state
current) can be reduced. In addition, the side surface of the
electrodes 706 and the side surface of the oxide semiconduc-
tor layer 708 that face to each other are entirely in contact with
each other, i.e., the electrodes 706 and the oxide semiconduc-
tor layer 708 are electrically connected to each other in large
areas, so that it is possible to effectively prevent a reduction in
on-state current and an increase in variations in electrical
characteristics due to an increase in contact resistance.

In addition, in the case where the structure body 710
including the oxide semiconductor layer 708 has a thin-plate
shape and voltage is applied to the gate electrode 108, a
channel portion is formed in U-shape in the oxide semicon-
ductor layer 708 in the vicinity of the interface with the gate
insulating film 106 as shown by a thick dotted line Z1-72 in
FIG. 7C; therefore, a change in channel width (the thick arrow
N in FIG. 7A) which is caused in the processing of the
structure body 710 has a relatively small influence on varia-
tions in the electrical characteristics of the transistor 720.

The electrodes 706 in the structure body 710 are electri-
cally connected to the wirings 116 through the grooves pro-
vided in the gate insulating film 106, the first interlayer insu-
lating film 110, and the second interlayer insulating film 112.
Note that the wirings 116 are in contact with surfaces of the
electrodes 706 which are exposed in the grooves in FIG. 7B;
however, the grooves may reach the inside of the electrodes
706 and the wirings 116 may be in contact with the inside of
the electrodes 706, for example. This structure increases areas
where the electrodes 706 are in contact with the wirings 116,
so that a reduction in on-state current and an increase in
variations in the electrical characteristics due to an increase in
contact resistance can be effectively prevented.

The length of the oxide semiconductor layer 708 in the
channel width direction (i.e., the length of the thick arrow N
of FIG. 7A in the Y-axis direction) is preferably greater than
or equal to 1 nm and less than or equal to 60 nm when the
structure body 710 is seen from the direction perpendicular to
the surface of the base film 102. The length of the portion
indicated with the thick arrow N is less than or equal to 60 nm
and the gate electrode 108 covers the top surface and the side
surface of the oxide semiconductor layer 708 with the gate
insulating film 106 positioned therebetween, whereby the
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oxide semiconductor layer 708 is fully depleted or substan-
tially fully depleted. Accordingly, the transistor 720 can have
characteristics such as a small substrate-floating effect and
favorable subthreshold characteristics. The structure body
710 is formed in thin-plate shape (which is also represented as
a thin piece shape), and thus there is a problem in that pro-
cessing becomes difficult when the structure body 710 is too
thin. Therefore, it is preferable that the length of the portion is
greater than or equal to 1 nm.

The effect of reducing contact resistance is enhanced as the
length of a side which is an interface between the oxide
semiconductor layer 708 and the electrode 706 (the length of
athick arrow Q in FIG. 7B) becomes longer than the length of
a side which is an interface between the oxide semiconductor
layer 708 and the base film 102 (the length of a thick arrow R
in FIG. 7B) in the cross section of the oxide semiconductor
layer 708 taken along the longitudinal direction of the struc-
ture body 710 as illustrated in FIG. 7B. Specifically, the
length of the side which is the interface between the oxide
semiconductor layer 708 and the electrode 706 (also referred
to as the thickness of the oxide semiconductor layer 708) is
preferably greater than or equal to twice the length of the side
which is the interface between the oxide semiconductor layer
708 and the base film 102 (also referred to as the length of the
oxide semiconductor layer 708 in the channel length direc-
tion).

As illustrated in FIGS. 7B and 7C, the gate electrode 108 is
provided over the structure body 710 to cover the side surface
and the top surface of the oxide semiconductor layer 708 with
the gate insulating film 106 positioned therebetween.

Although edge portions of the gate electrode 108 overlap
with edge portions of the oxide semiconductor layer 708 in
FIGS. 7A to 7C, this structure is not necessarily employed
and, for example, part of the gate electrode 108 may overlap
with the electrode 706.

In addition, although the gate electrode 108 has a constant
length in the dashed-dotted line X1-X2 direction as illustrated
in FIG. 7A, the gate electrode 108 does not necessarily have
the constant length in the dashed-dotted line X1-X2 direction.
For example, in the case where the gate electrode 108 is
electrically connected to another semiconductor element
(e.g., a transistor), part of the gate electrode 108 also func-
tions as a wiring. Therefore, in such a case, the line width of
part of the gate electrode 108 which does not overlap with the
structure body 710 is increased, whereby wiring resistance
can be reduced.
<Method for Manufacturing Transistor 720>

An example of a manufacturing process of the transistor
720 illustrated in FIGS. 7A to 7C is described with reference
to FIGS. 8A and 8B, FIGS. 9A and 9B, FIGS. 10A and 10B,
and FIG. 11.

First, the substrate 100 having an insulating surface is
prepared. Then, the base film 102 is formed over the substrate
100 and a conductive film 702 is deposited over the base film
102 (see FIG. 8A). Embodiment 1 can be referred to for a
material of the substrate 100, a material and formation
method of the base film 102, and the like.

As a material of the conductive film 702, a material which
is capable of withstanding heat treatment performed in the
manufacturing process of the transistor 720 is used. For
example, a metal film containing an element selected from Al,
Cr, Cu, Ta, Ti, Mo, and W, or a metal nitride film containing
any of the above elements as a component (a titanium nitride
film, a molybdenum nitride film, or a tungsten nitride film)
can be used. Alternatively, a film of a high-melting-point
metal such as Ti, Mo, or W or a metal nitride film thereof (e.g.,
a titanium nitride film, a molybdenum nitride film, or a tung-
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sten nitride film) may be formed over or/and below a metal
film such as an Al film or a Cu film. Alternatively, the con-
ductive film 702 may be formed using a conductive metal
oxide. As the conductive metal oxide, indium oxide (In,0O;),
tin oxide (Sn0,), zinc oxide (ZnO), indium oxide-tin oxide
(In,O5;—Sn0O,; abbreviated to ITO), indium oxide-zinc oxide
(In,0;—Zn0), or any of these metal oxide materials to which
silicon oxide is added can be used.

Next, a mask is formed over the conductive film 702 by a
photolithography method, a printing method, an ink-jet
method, or the like, and part of the conductive film 702 is
selectively removed using the mask to form an opening 703
(see FIG. 8B).

Next, an oxide semiconductor film 704 is deposited over
the base film 102 and the conductive film 702 and subjected to
removal treatment, so that at least part of the oxide semicon-
ductor film 704 is removed to expose the conductive film 702
(see FIG. 9A). Note that the oxide semiconductor film 704
can be formed using a material and a formation method which
are similar to those of the oxide semiconductor layer 104
described in Embodiment 1.

How much thickness (length in the Z-axis direction) the
conductive film 702 and the oxide semiconductor film 704
have after the removal treatment needs to be determined on
the basis of the channel width (the length of the thick arrow N
in FIG. 7A) of the oxide semiconductor layer 708 formed
later. Specifically, the thickness of the conductive film 702
and the oxide semiconductor film 704 (the length in the Z-axis
direction) is preferably greater than or equal to twice a
designed value of the channel width. The use of such a struc-
ture can effectively enhance the effect of reducing the contact
resistance between the electrodes 706 and the oxide semicon-
ductor layer 708 which are formed later.

As the removal treatment performed on the oxide semicon-
ductor film 704, chemical mechanical polishing (CMP) treat-
ment, a dry etching method, or the like may be used in the
same manner as the planarization treatment in Embodiment 1.
Although a surface of the conductive film 702 and a surface of
the oxide semiconductor film 704 are located at the same level
in FIG. 9A, this embodiment is not limited to this state. For
example, in the case where there is a different in hardness
between the conductive film 702 and the oxide semiconductor
film 704, when CMP treatment is further performed in the
state where the conductive film 702 is exposed, a step might
be formed between the surface of the conductive film 702 and
the surface of the oxide semiconductor film 704 because the
conductive film 702 and the oxide semiconductor film 704 are
different in removal rate (polishing rate) in the CMP treat-
ment.

Note that the CMP treatment as the removal treatment may
be performed only once or plural times. When the CMP
treatment is performed plural times, first polishing is prefer-
ably performed with a high polishing rate followed by final
polishing with a low polishing rate. The planarity of the
surface of the conductive film 702 and the planarity of the
surface of the oxide semiconductor film 704 can be improved
by performing polishing steps with different polishing rates
in combination in this manner, so that the uniformity of the
thickness of' the gate insulating film 106 which is formed over
the conductive film 702 and the oxide semiconductor film 704
in a later step can be increased.

Next, the mask 105 is formed over the conductive film 702
and the oxide semiconductor film 704 by a photolithography
method, a printing method, an ink-jet method, or the like and
part of the conductive film 702 and part of the oxide semi-
conductor film 704 are selectively removed using the mask,
so that the structure body 710 including the electrodes 706
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and the oxide semiconductor layer 708 is formed (see FIG.
9B). Although not illustrated in FIG. 9B, the mask 105 may be
removed by treatment with a chemical solution or etching
treatment after the structure body 710 is formed. Note that
Embodiment 1 can be referred to for the mask 105.

Next, the gate insulating film 106 is formed over the base
film 102 and the structure body 710, and the gate electrode
108 is formed over the gate insulating film 106. Embodiment
1 can be referred to for materials and manufacturing methods
of the gate insulating film 106 and the gate electrode 108.
Through the above process, the transistor 720 which includes
the structure body 710 including the oxide semiconductor
layer 708 and the pair of electrodes 706 between which the
oxide semiconductor layer 708 is positioned; the gate insu-
lating film 106 over the structure body 710; and the gate
electrode 108 covering the oxide semiconductor layer 708
with the gate insulating film 106 positioned therebetween can
be formed (see FIG. 10A).

Subsequently, the first interlayer insulating film 110 and
the second interlayer insulating film 112 are provided over the
gate insulating film 106 and the gate electrode 108, and then
grooves 705 are formed in part of the first interlayer insulating
film 110, the second interlayer insulating film 112, the gate
insulating film 106 (see FIG. 10B). Note that Embodiment 1
can be referred to for materials and manufacturing methods of
the first interlayer insulating film 110 and the second inter-
layer insulating film 112. In addition, Embodiment 1 can also
be referred to for a formation method of the grooves 705.

After that, a conductive film is deposited over the second
interlayer insulating film 112, and a mask is formed over the
conductive film by a photolithography method, a printing
method, an ink-jet method, or the like. Then, part of the
conductive film is selectively removed using the mask to form
the wirings 116 (see FIG. 11A). For example, the wirings 116
function as leading wirings which electrically connect the
transistor 720 and another transistor to each other. Note that
Embodiment 1 can be referred to for a material and manufac-
turing method of the wirings 116.

Although the pair of electrodes 706 between which the
oxide semiconductor layer 708 is positioned are electrically
connected to another semiconductor element (e.g., a transis-
tor) via the wirings 116 which are led over the second inter-
layer insulating film 112 in this embodiment, one embodi-
ment of the present invention is not limited to this structure.
For example, one or both of the electrodes 706 may be
directly electrically connected to another transistor (e.g., a
transistor).

Through the above process, the structure illustrated in
FIGS. 7A to 7C can be formed.

Embodiment 3

In this embodiment, a method for manufacturing the struc-
ture body 710, which is different from that described in
Embodiment 2 will be described with reference to FIGS. 12A
and 12B and FIGS. 13A and 13B.
<Method for Manufacturing Structure Body>

First, the oxide semiconductor film 704 is formed over the
base film 102 which is formed over the substrate 100 (see
FIG. 12A). Embodiment 1 can be referred to for a material
and a formation method of the oxide semiconductor film 704.

Next, the mask 105 is formed over the oxide semiconductor
film 704 by a photolithography method, a printing method, an
ink-jet method, or the like and part of the oxide semiconduc-
tor film 704 is selectively removed using the mask (see FIG.
12B). Embodiment 1 can be referred to for a material and a
formation method of the mask 105.
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Although not illustrated in FIG. 12B, the mask 105 may be
removed by treatment with a chemical solution or etching
treatment after the oxide semiconductor film 704 is pro-
cessed.

Next, the conductive film 702 is formed over the base film
102 and the oxide semiconductor film 704 and subjected to
removal treatment, so that at least part of the conductive film
702 is removed to expose the oxide semiconductor film 704
(see FIG.13A). Embodiment 2 can be referred to for a mate-
rial and a formation method of the conductive film 702. In
addition, Embodiment 1 can be referred to for the removal
treatment of the conductive film 702.

Then, like in the case of F1G. 9B, amask 115 is formed over
the conductive film 702 and the oxide semiconductor film 704
by a photolithography method, a printing method, an ink-jet
method, or the like and part of the conductive film 702 and
part of the oxide semiconductor film 704 are selectively
removed using the mask, so that the structure body 710
including the electrodes 706 and the oxide semiconductor
layer 708 is formed (see FIG. 13B). Although not illustrated
in FIG. 13B, the mask 115 may be removed by treatment with
a chemical solution or etching treatment after the structure
body 710 is formed.

FIGS. 10A and 10B and FIG. 11 and Embodiment 2 are
referred to for the subsequent steps. Accordingly, the struc-
ture including in the transistor 720 described in FIGS. 7A to
7C can be manufactured.

Embodiment 4

In this embodiment, an example of a semiconductor device
which includes the transistor described in any of Embodi-
ments 1 to 3, which can hold stored data even during a period
in which power is not supplied, and which does not have a
limitation on the number of writing cycles, is described with
reference to drawings.

FIGS. 14A to 14C illustrate an example of a structure of a
semiconductor device. FIGS. 14A to 14C illustrate a cross-
sectional view, a plan view, and a circuit diagram, respec-
tively, of the semiconductor device. Here, FIG. 14A corre-
sponds to a cross section taken along line K-L. and line M-N
in FIG. 14B.

The semiconductor device illustrated in FIGS. 14A and
14B includes a transistor 1460 including a first semiconduc-
tor material in a lower portion, and a transistor 1462 including
a second semiconductor material in an upper portion. Any of
the structures of the transistors described in the above
embodiments can be employed for the transistor 1462. Here,
description is made on the case where the transistor 720 of
Embodiment 2 is used.

Here, the first semiconductor material and the second semi-
conductor material are preferably materials having different
band gaps. For example, the first semiconductor material may
be a semiconductor material other than an oxide semiconduc-
tor (e.g., silicon) and the second semiconductor material may
be an oxide semiconductor. A transistor including a material
other than an oxide semiconductor can operate at high speed
easily. On the other hand, a transistor including an oxide
semiconductor enables charge to be held for a long time
owing to its characteristics.

Although all the transistors are n-channel transistors here,
it is needless to say that p-channel transistors canalso be used.
The specific constituent of the semiconductor device is not
necessarily limited to those described here such as the mate-
rial used for the semiconductor device and the structure of the
semiconductor device.
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The transistor 1460 in FIG. 14A includes a channel forma-
tion region 1416 provided in a substrate 1400 containing a
semiconductor material (e.g., silicon), impurity regions 1420
between which the channel formation region 1416 is pro-
vided, intermetallic compound regions 1424 in contact with
the impurity regions 1420, a gate insulating film 1408 pro-
vided over the channel formation region 1416, and a gate
electrode 1410 provided over the gate insulating film 1408.
Note that a transistor whose source electrode and drain elec-
trode are not illustrated in a drawing may be referred to as a
transistor for the sake of convenience. Further, in such a case,
in description of a connection of a transistor, a source region
and a source electrode are collectively referred to as a “source
electrode,” and a drain region and a drain electrode are col-
lectively referred to as a “drain electrode”. That is, in this
specification, the “source electrode” may include a source
region.

An element isolation insulating layer 1406 is provided over
the substrate 1400 so as to surround the transistor 1460, and
an insulating film 1428 and an insulating film 1430 are pro-
vided to cover the transistor 1460. Note that in the transistor
1460, sidewall insulating layers may be formed on a side
surface of the gate electrode 1410, and the impurity regions
1420 may include regions having different impurity concen-
trations.

The transistor 1460 including a single crystal semiconduc-
tor substrate can operate at high speed. Thus, when the tran-
sistor is used as a reading transistor, data can be read at a high
speed. Two insulating films are formed so as to cover the
transistor 1460. As pretreatment for forming the transistor
1462 and a capacitor 1464 over the insulating film 1428 and
the insulating film 1430, the insulating film 1428 and the
insulating film 1430 are subjected to removal treatment, so
that the insulating film 1428 and the insulating film 1430 are
planarized and the top surface of the gate electrode 1410 is
exposed. Note that the removal treatment described here is
similar to the removal treatment described in Embodiment 1.

As the insulating film 1428 and the insulating film 1430, an
inorganic insulating film such as a silicon oxide film, a silicon
oxynitride film, an aluminum oxide film, an aluminum oxyni-
tride film, a silicon nitride film, an aluminum nitride film, a
silicon nitride oxide film, or an aluminum nitride oxide film
can be typically used. The insulating film 1428 and the insu-
lating film 1430 can be formed by a plasma CVD method, a
sputtering method, or the like.

Alternatively, an organic material such as a polyimide
resin, an acrylic resin, or a benzocyclobutene resin can be
used. Besides such organic materials, a low-dielectric con-
stant material (a low-k material) or the like can be used. In the
case of using an organic material, the insulating film 1428 and
the insulating film 1430 may be formed by a wet method such
as a spin coating method or a printing method.

Note that in this embodiment, a silicon nitride film is used
as the insulating film 1428, and a silicon oxide film is used as
the insulating film 1430.

In this embodiment, the base film 102 is formed over the
insulating film 1428 and the insulating film 1430 which are
sufficiently planarized (it is preferable that the average sur-
face roughness of each of the insulating film 1428 and the
insulating film 1430 is less than or equal to 0.15 nm) by
polishing treatment (e.g., CMP treatment), and the oxide
semiconductor layer 708 and the pair of electrodes 706
between which the oxide semiconductor layer 708 is posi-
tioned are formed over the base film 102. Part of the pair of
electrodes 706 is electrically connected to the gate electrode
1410 of the transistor 1460 through an opening provided in
the base film 102. Note that the pair of electrodes 706 between
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which the oxide semiconductor layer 708 is positioned func-
tion as a source electrode and a drain electrode. The gate
insulating film 106 is provided to cover the electrodes 706 and
the oxide semiconductor layer 708, and the gate electrode 108
is provided over the gate insulating film 106 to cover at least
the oxide semiconductor layer 708 with the gate insulating
film 106 positioned therebetween.

The transistor 1462 illustrated in FIG. 14A includes an
oxide semiconductor material in the channel formation
region. Here, the oxide semiconductor layer 708 included in
the transistor 1462 is preferably highly purified by removing
impurities such as moisture and hydrogen as much as pos-
sible, as described in the above embodiment. Further, the
oxide semiconductor layer in which oxygen vacancies are
sufficiently compensated is preferable. The use of such an
oxide semiconductor layer makes it possible to obtain the
transistor 1462 with extremely low off-state current.

Since the off-state current of the transistor 1462 is
extremely small, stored data can be held for along time owing
to such a transistor. In other words, power consumption can
be sufficiently reduced because a semiconductor memory
device in which refresh operation is unnecessary or the fre-
quency of refresh operation is extremely low can be provided.

The first interlayer insulating film 110, the second inter-
layer insulating film 112, and a third interlayer insulating film
1450 each of which is formed with a single layer or a stack of
layers are provided over the transistor 1462. In this embodi-
ment, an aluminum oxide film is used as the first interlayer
insulating film 110. When the aluminum oxide film has high
density (the film density is 3.2 g/cm® or higher, preferably 3.6
g/cm® or higher), the transistor 1462 can have stable electrical
characteristics. A polyimide resin is used for the second inter-
layer insulating film 112, whereby unevenness which is gen-
erated due to the formation of the transistor 1462 is pla-
narized. A film in which a silicon nitride oxide film and a
silicon oxynitride film are stacked in this order is used as the
third interlayer insulating film 1450. Accordingly, diffusion
of impurities from the second interlayer insulating film 112
toward the upper layer can be prevented.

A conductive layer 1453 is provided in a region which
overlaps with the electrode 706 of the transistor 1462 with the
first interlayer insulating film 110, the second interlayer insu-
lating film 112, and the third interlayer insulating film 1450
positioned therebetween. The electrode 706, the first inter-
layer insulating film 110, the second interlayer insulating film
112, the third interlayer insulating film 1450, and the conduc-
tive layer 1453 form a capacitor 1464. That is, one of the pair
of electrodes included in the transistor 1462 functions as one
electrode ofthe capacitor 1464, and the conductive layer 1453
functions as the other electrode of the capacitor 1464. Note
that in the case where a capacitor is not needed, the capacitor
1464 may be omitted. Alternatively, the capacitor 1464 may
be separately provided above the transistor 1462.

An insulating film 1454 is provided over the transistor
1462 and the capacitor 1464. In addition, a wiring 1456 for
connecting the transistor 1462 and another transistor to each
other is provided over the insulating film 1454. Although not
illustrated in FIG. 14A, the wiring 1456 is electrically con-
nected to the electrode 706 through an opening which is
formed in the first interlayer insulating film 110, the second
interlayer insulating film 112, the third interlayer insulating
film 1450, the insulating film 1454, and the like.

In FIGS. 14 A and 14B, the transistor 1460 is provided so as
to overlap with at least part of the transistor 1462. The source
region or the drain region of the transistor 1460 and the oxide
semiconductor layer 708 are preferably provided so as to
overlap with each other at least partly. Further, the transistor
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1462 and the capacitor 1464 are provided to overlap with at
least part of the transistor 1460. For example, the conductive
layer 1453 of the capacitor 1464 is provided so as to overlap
with the gate electrode 1410 of the transistor 1460 at least
partly. With such a planar layout, the area occupied by the
semiconductor device can be reduced; thus, higher integra-
tion can be achieved.

The electrical connection between the electrode 706 and
the wiring 1456 may be established by direct contact between
the electrode 706 and the wiring 1456, or established using an
electrode which is provided in the insulating film positioned
between the electrode 706 and the wiring 1456. Alternatively,
the electrical connection may be established using a plurality
of electrodes.

Next, an example of a circuit configuration corresponding
to FIGS. 14A and 14B is illustrated in FIG. 14C.

In FIG. 14C, a first wiring (a 1st line) is electrically con-
nected to the source electrode of the transistor 1460, and a
second wiring (a 2nd line) is electrically connected to the
drain electrode of the transistor 1460. A third wiring (a 3rd
line) is electrically connected to the source electrode (or the
drain electrode) of the transistor 1462, and a fourth wiring (a
4th line) is electrically connected to the gate electrode of the
transistor 1462. The gate electrode of the transistor 1460 and
the drain electrode (or the source electrode) of the transistor
1462 are electrically connected to the other electrode of the
capacitor 1464, and a fifth wiring (a 5th line) is electrically
connected to the one electrode of the capacitor 1464.

The semiconductor device in FIG. 14C can write, hold, and
read data as described below, utilizing a characteristic in
which the potential of the gate electrode of the transistor 1460
can be held.

Writing and holding of data are described. First, the poten-
tial of the fourth wiring is set to a potential at which the
transistor 1462 is turned on, so that the transistor 1462 is
turned on. Accordingly, the potential of the third wiring is
supplied to the gate electrode of the transistor 1460 and the
capacitor 1464. In other words, a predetermined charge is
supplied to the gate electrode of the transistor 1460 (writing).
Here, charge for supply of a potential level or charge for
supply of a different potential level (hereinafter referred to as
Low-level charge and High-level charge) is given. After that,
the potential of the fourth wiring is set to a potential at which
the transistor 1462 is off, so that the transistor 1462 is turned
off. Thus, the charge supplied to the gate electrode of the
transistor 1460 is held (holding).

Since the off-state current of the transistor 1462 is
extremely low, the charge of the gate electrode of the transis-
tor 1460 is held for a long time.

Next, reading of data is described. When an appropriate
potential (reading potential) is supplied to the fifth wiring
with a predetermined potential (constant potential) supplied
to the first wiring, the potential of the second wiring varies
depending on the amount of charge held in the gate electrode
of the transistor 1460. This is because in general, when the
transistor 1460 is an n-channel transistor, an apparent thresh-
old voltage V,, , in the case where High-level charge is
supplied to the gate electrode of the transistor 1460 is lower
than an apparent threshold voltage V,, , in the case where
Low-level charge is supplied to the gate electrode of the
transistor 1460. Here, the apparent threshold voltage refers to
the potential of the fifth wiring which is needed to turn on the
transistor 1460. Thus, the potential of the fifth wiring is set to
a potential V,, that is between V,, 5 and V,, ,, whereby
charge applied to the gate electrode of the transistor 1460 can
be determined. For example, in the case where High-level
charge is supplied at the time of writing, when the potential of
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the fifth wiring is V, >V, 5), the transistor 1460 is turned
on. In the case where Low-level electric charge is supplied at
the time of writing, even when the potential of the fifth wiring
is Vi, (€Vy;,_ 1), the transistor 1460 remains in an off state.
Therefore, the stored data can be read by measuring the
potential of the second wiring.

Note that in the case where memory cells are arrayed to be
used, only data of desired memory cells needs to be read. In
the case where such reading is not performed, a potential at
which the transistor 1460 is turned off regardless of the state
of'the gate electrode of the transistor 1460, that is, a potential
smaller than V;, ., may be supplied to the fifth wiring. Alter-
natively, a potential at which the transistor 1460 is turned on,
that is, a potential higher than V,, , may be supplied to the
fifth wiring regardless of the state of the gate electrode of the
transistor 1460.

When a transistor having a channel formation region
formed using an oxide semiconductor and having extremely
small off-state current is applied to the semiconductor device
in this embodiment, the semiconductor device can store data
for an extremely long time. In other words, power consump-
tion can be adequately reduced because refresh operation
becomes unnecessary or the frequency of refresh operation
can be extremely low. Moreover, stored data can be held for a
long time even when power is not supplied (note that a poten-
tial is preferably fixed).

Further, in the semiconductor device described in this
embodiment, a high voltage is not needed for writing data and
there is no problem of deterioration of elements. For example,
unlike in the case of a conventional non-volatile memory, it is
not necessary to inject and extract electrons into and from a
floating gate; thus, the problem of deterioration of a gate
insulating film does not occur. In other words, the semicon-
ductor device according to one embodiment of the present
invention does not have a limit on the number of writing
cycles which is a problem in a conventional nonvolatile
memory, and reliability thereof is drastically improved. Fur-
thermore, data is written depending on the on state and the off
state of the transistor, whereby high-speed operation can be
easily achieved.

As described above, a miniaturized and highly-integrated
semiconductor device having high electric characteristics and
a method for manufacturing the semiconductor device can be
provided.

The methods and structures described in this embodiment
can be combined as appropriate with any of the methods and
structures described in the other embodiments.

Embodiment 5

In this embodiment, a semiconductor device which
includes the transistor described in any of Embodiments 1 to
3, can hold stored data even when not powered, does not have
a limitation on the number of write cycles, and has a structure
different from the structure described in Embodiment 4 is
described with reference to FIGS. 15A and 15B and FIGS.
16A and 16B.

FIG. 15A illustrates an example of a circuit configuration
of a semiconductor device, and FIG. 15B is a conceptual
diagram illustrating an example of a semiconductor device.
First, the semiconductor device illustrated in FIG. 15A is
described, and then, the semiconductor device illustrated in
FIG. 15B is described.

In the semiconductor device illustrated in FIG. 15A, a bit
line BL is electrically connected to a source electrode or a
drain electrode of the transistor 1462, a word line WL is
electrically connected to a gate electrode of the transistor
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1462, and the source electrode or the drain electrode of the
transistor 1462 is electrically connected to a first terminal of
the capacitor 1464.

Next, writing and holding of data in the semiconductor
device (a memory cell 1550) illustrated in FIG. 15A are
described.

First, the potential of the word line WL is set to a potential
at which the transistor 1462 is turned on, so that the transistor
1462 is turned on. Accordingly, the potential of the bit line BL.
is supplied to the first terminal of the capacitor 1464 (writing).
After that, the potential of the word line WL is set to a
potential at which the transistor 1462 is turned off, so that the
transistor 1462 is turned off. Thus, the potential at the first
terminal of the capacitor 1464 is held (holding).

Off-state current is extremely small in the transistor 1462
which uses an oxide semiconductor. For that reason, a poten-
tial of the first terminal of the capacitor 1464 (or a charge
accumulated in the capacitor 1464) can be held for an
extremely long time by turning off the transistor 1462.

Secondly, reading of data is described. When the transistor
1462 is turned on, the bit line BL which is in a floating state
and the capacitor 1464 are clectrically connected to each
other, and the charge is redistributed between the bit line BL.
and the capacitor 1464. As a result, the potential of the bit line
BL is changed. The amount of a change in potential of the bit
line BL varies depending on the potential of the first terminal
of the capacitor 1464 (or the charge accumulated in the
capacitor 1464).

For example, the potential of the bit line BL after charge
redistribution is (CgxVz,+C+V)/(Cz+C), where V is the
potential of the first terminal of the capacitor 1464, C is the
capacitance of the capacitor 1464, Cy, is the capacitance of the
bit line BL (hereinafter also referred to as a bit line capaci-
tance), and Vg, is the potential of the bit line BL before the
charge redistribution. Therefore, it can be found that assum-
ing that the memory cell 1550 is in either of two states in
which the potentials of the first terminal of the capacitor 1464
are V, and V,, (V,>V,), the potential of the bit line BL in the
case of holding the potential V, (=(CzxV z,+CxV | )/(Cz+C))
is higher than the potential of the bit line BL in the case of
retaining the potential Vi, (=(CzxV 5o+CxV)/(Cz+C)).

Then, by comparing the potential of the bit line BL. with a
predetermined potential, data can be read.

As described above, the semiconductor device illustrated
in FIG. 15A canhold charge that is accumulated in the capaci-
tor 1464 for a long time because the off-state current of the
transistor 1462 is extremely small. In other words, power
consumption can be adequately reduced because refresh
operation becomes unnecessary or the frequency of refresh
operation can be extremely low. Moreover, stored data can be
stored for a long time even when power is not supplied.

Next, the semiconductor device illustrated in FIG. 15B is
described.

The semiconductor device illustrated in FIG. 15B includes
a memory cell arrays 1551a and 15515 each including a
plurality of memory cells 1550 illustrated in FIG. 15A as
memory circuits in the upper portion, and a peripheral circuit
1553 in the lower portion which is necessary for operating
memory cell arrays 1551 (the memory cell arrays 1551a and
15515). Note that the peripheral circuit 1553 is electrically
connected to the memory cell arrays 1551. With such a circuit
structure, the semiconductor device can be reduced in size.

It is preferable that a semiconductor material of the tran-
sistor provided in the peripheral circuit 1553 is different from
that of the transistor 1462 in Embodiment 4. For example,
silicon, germanium, silicon germanium, silicon carbide, gal-
lium arsenide, or the like can be used, and a single crystal
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semiconductor is preferably used. Alternatively, an organic
semiconductor material or the like may be used. A transistor
including such a semiconductor material can operate at suf-
ficiently high speed. Therefore, a variety of circuits (e.g., a
logic circuit or a driver circuit) which needs to operate at high
speed can be favorably obtained by the transistor.

Note that FIG. 15B illustrates, as an example, the semicon-
ductor device in which two memory cell arrays 1551 (the
memory cell arrays 1551a and 15515) are stacked; however,
the number of memory cell arrays to be stacked is not limited
thereto. Three or more memory arrays may be stacked.

Next, a specific structure of the memory cell 1550 illus-
trated in FIG. 15A is described with reference to FIGS. 16A
and 16B.

FIGS. 16 A and 16B illustrate an example of a structure of
the memory cell 1550. FIGS. 16 A and 16B are respectively a
cross-sectional view and a plan view of the memory cell 1550.
Here, FIG. 16A illustrates a cross section taken along line O-P
and line Q-R in FIG. 16B.

The transistor 1462 provided over a substrate 1600 with the
base film 102 positioned therebetween can have a structure
which is similar to any of the structures described in Embodi-
ments 1 to 3.

The first interlayer insulating film 110, the second inter-
layer insulating film 112, and the third interlayer insulating
film 1450 each of which is formed with a single layer or a
stack of layers are provided over the transistor 1462. The
conductive layer 1453 is provided in a region overlapping
with the electrode 706 of the transistor 1462 with the first
interlayer insulating film 110, the second interlayer insulating
film 112, and the third interlayer insulating film 1450 posi-
tioned therebetween. The electrode 706, the first interlayer
insulating film 110, the second interlayer insulating film 112,
the third interlayer insulating film 1450, and the conductive
layer 1453 form the capacitor 1464. That is, the electrode 706
of'the transistor 1462 function as one electrode of the capaci-
tor 1464, and the conductive layer 1453 functions as the other
electrode of the capacitor 1464.

The insulating film 1454 is provided over the transistor
1462 and the capacitor 1464. In addition, the wiring 1456 for
connecting adjacent memory cells 1550 to each other is pro-
vided over the insulating film 1454. Although not illustrated,
the wiring 1456 is electrically connected to the electrode 706
of'the transistor 1462 through an opening which is formed in
the first interlayer insulating film 110, the second interlayer
insulating film 112, the third interlayer insulating film 1450,
the insulating film 1454, and the like. The wiring 1456 may be
electrically connected to the electrode 706 through another
conductive layer provided in the opening. The wiring 1456
corresponds to the bit line BL in the circuit diagram of FIG.
15A.

In FIGS. 16A and 16B, the electrodes 706 of the transistor
1462 can also function as a source electrode of a transistor
included in an adjacent memory cell.

With such a planar layoutin FIG. 16 A, the area occupied by
the semiconductor device can be reduced; thus, higher inte-
gration can be achieved.

As described above, the plurality of memory cells formed
in multiple layers in the upper portion is each formed with a
transistor including an oxide semiconductor. Since the off-
state current of the transistor including an oxide semiconduc-
tor is small, stored data can be held for a long time owing to
such a transistor. In other words, the frequency of refresh
operation can be extremely lowered, which leads to a suffi-
cient reduction in power consumption.

A semiconductor device having a novel feature can be
obtained by being provided with both a peripheral circuit
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including the transistor including a material other than an
oxide semiconductor (in other words, a transistor capable of
operating at sufficiently high speed) and a memory circuit
including the transistor including an oxide semiconductor (in
a broader sense, a transistor whose off-state current is suffi-
ciently small). In addition, with a structure where the periph-
eral circuit and the memory circuit are stacked, the degree of
integration of the semiconductor device can be increased.

As described above, a miniaturized and highly-integrated
semiconductor device having high electric characteristics and
a method for manufacturing the semiconductor device can be
provided.

This embodiment can be implemented in appropriate com-
bination with any of the structures described in the other
embodiments.

Embodiment 6

In this embodiment, examples of application of the semi-
conductor device described in any of the above embodiments
to portable devices such as mobile phones, smartphones, or
e-book readers are described with reference to FIGS. 17A and
17B, FIG. 18, FIG. 19, and FIG. 20.

In portable electronic devices such as a mobile phone, a
smart phone, and an e-book reader, an SRAM or a DRAM is
used so as to store image data temporarily. This is because
response speed of a flash memory is low and thus a flash
memory is not suitable for image processing. On the other
hand, an SRAM or a DRAM has the following characteristics
when used for temporary storage of image data.

In an ordinary SRAM, as illustrated in FIG. 17A, one
memory cell includes six transistors, that is, transistors 1701
to 1706, which are driven with an X decoder 1707 and a’Y
decoder 1708. A pair of the transistors 1703 and 1705 and a
pair of the transistors 1704 and 1706 which each form an
inverter allow high-speed operation. However, an SRAM has
a disadvantage of large cell area because one memory cell
includes six transistors. Provided that the minimum feature
size of a design rule is F, the area of a memory cell in an
SRAM is generally 100F? to 150F>. Therefore, a price per bit
of an SRAM is the most expensive among a variety of
memory devices.

In a DRAM, as illustrated in FIG. 17B, a memory cell
includes a transistor 1711 and a storage capacitor 1712, which
are driven with an X decoder 1713 and aY decoder 1714. One
cell includes one transistor and one capacitor and thus the area
of a memory cell is small. The area of a memory cell of a
DRAM is generally less than or equal to 10F2. Note that in the
case of a DRAM, a refresh operation is always necessary and
power is consumed even when a rewriting operation is not
performed.

However, the area of the memory cell of the semiconductor
device described the above embodiments is about 10F> and
frequent refreshing is not needed. Therefore, the area of the
memory cell is reduced, and the power consumption can be
reduced.

FIG. 18 is a block diagram of a portable device. The por-
table deviceillustrated in FIG. 18 includes an RF circuit 1801,
an analog baseband circuit 1802, a digital baseband circuit
1803, a battery 1804, a power supply circuit 1805, an appli-
cation processor 1806, a flash memory 1810, a display con-
troller 1811, a memory circuit 1812, a display 1813, a touch
sensor 1819, an audio circuit 1817, a keyboard 1818, and the
like. The display 1813 includes a display portion 1814, a
source driver 1815, and a gate driver 1816. The application
processor 1806 includes a CPU 1807, a DSP 1808, and an
interface (IF) 1809. In general, the memory circuit 1812
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includes an SRAM or a DRAM; by employing the semicon-
ductor device described in any of the above embodiments for
the memory circuit 1812, writing and reading of data can be
performed at high speed, data can be held for a long time, and
power consumption can be sufficiently reduced.

FIG. 19 illustrates an example of using the semiconductor
device described in any of the above embodiments in a
memory circuit 1950 for a display. The memory circuit 1950
illustrated in FIG. 19 includes a memory 1952, a memory
1953, a switch 1954, a switch 1955, and a memory controller
1951. Further, the memory circuit is connected to a display
controller 1956 which reads and controls image data input
through a signal line (input image data) and data stored in the
memories 1952 and 1953 (stored image data), and is also
connected to a display 1957 which displays an image based
on a signal input from the display controller 1956.

First, image data (input image data A) is formed by an
application processor (not shown). The input image data A is
stored in the memory 1952 through the switch 1954. Then, the
image data stored in the memory 1952 (stored image data A)
is transmitted to the display 1957 through the switch 1955 and
the display controller 1956, and is displayed on the display
1957.

When the input image data A remains unchanged, the
stored image data A is read from the memory 1952 through
the switch 1955 by the display controller 1956 normally at a
frequency of approximately 30 Hz to 60 Hz.

Next, for example, when data displayed on the screen is
rewritten by a user (that is, in the case where the input image
data A is changed), new image data (input image data B) is
formed by the application processor. The input image data B
is stored in the memory 1953 through the switch 1954. Also
during that time, the stored image data A is regularly read
from the memory 1952 through the switch 1955. After the
completion of storing the new image data (the stored image
data B) in the memory 1953, from the next frame for the
display 1957, the stored image data B starts to be read, trans-
mitted to the display 1957 through the switch 1955 and the
display controller 1956, and displayed on the display 1957.
This reading operation is continued until the next new image
data is stored in the memory 1952.

By alternately writing and reading image data to and from
the memory 1952 and the memory 1953 as described above,
images are displayed on the display 1957. Note that the
memory 1952 and the memory 1953 are not limited to sepa-
rate memories, and a single memory may be divided and used.
By employing the semiconductor device described in any of
the above embodiments for the memory 1952 and the
memory 1953, data can be written and read at high speed and
held for a long time, and power consumption can be suffi-
ciently reduced.

Next, FIG. 20 shows a block diagram of an e-book reader.
FIG. 20 includes a battery 2001, a power supply circuit 2002,
amicroprocessor 2003, a flash memory 2004, an audio circuit
2005, akeyboard 2006, a memory circuit 2007, a touch panel
2008, a display 2009, and a display controller 2010.

Here, the semiconductor device described in any of the
above embodiments can be used for the memory circuit 2007
in FIG. 20. The memory circuit 2007 has a function of tem-
porarily storing the contents of a book. For example, users use
ahighlight function in some cases. When users read an e-book
reader, they sometimes want to mark a specified place. This
marking refers to a highlight function, and users can make
difference from other places by, for example, changing the
color of a letter displayed, underlining a word, making a letter
bold, or changing the font type of a letter. That is, there is a
function of storing and holding information of a place speci-
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fied by users. In order to retain that content for a long period,
that content may be copied to the flash memory 2004. Even in
such a case, by employing the semiconductor device
described in any of the above embodiments, writing and
reading of data can be performed at high speed, data can be
held for a long time, and power consumption can be suffi-
ciently reduced.

As described above, the semiconductor device in any of the
above embodiments is mounted on each of the portable
devices described in this embodiment. Therefore, a portable
device in which writing and reading of data are performed at
high speed, data is held for a long time, and power consump-
tion is sufficiently reduced, can be obtained.

The structures, methods, and the like described in this
embodiment can be combined as appropriate with any of the
other structures, methods, and the like described in the other
embodiments.

Embodiment 7

A semiconductor device disclosed in this specification can
be applied to a variety of electronic devices (including game
machines). Examples of electronic appliances are a television
set (also referred to as a television or a television receiver), a
monitor of a computer or the like, a camera such as a digital
camera or a digital video camera, a digital photo frame, a
mobile phone handset (also referred to as a mobile phone or a
mobile phone device), a portable game machine, a portable
information terminal, an audio reproducing device, a large-
sized game machine such as a pachinko machine, and the like.
Examples of electronic devices each including the liquid
crystal display device described in the above embodiment are
described.

FIG. 21A illustrates a portable information terminal which
includes a housing 2101, a housing 2102, a first display por-
tion 2103a, a second display portion 21035, and the like. A
variety of electronic components (e.g., CPU, MPU, or a
memory element) are incorporated inside the housing 2101
and the housing 2102. Further, electronic circuits (e.g., a
driver circuit and a selection circuit) necessary for displaying
an image are mounted on the first display portion 21034 and
the second display portion 21035. The semiconductor device
described in any of the above embodiments is used in these
electronic components and electronic circuits, whereby a por-
table information terminal with high reliability can be pro-
vided. Note that the semiconductor device according to any of
the above embodiments is preferably provided in at least one
of the housing 2101 and the housing 2102.

At least one of the first display portion 2103« and the
second display portion 21036 is a touch panel, and for
example, as illustrated in the left in FIG. 21 A, which of “touch
input” and “keyboard input” is performed can be selected by
selection buttons 2104a and 21045 displayed on the first
display portion 2103a. Since the selection buttons with a
variety of sizes can be displayed, the portable information
terminal can be easily used by people of any generation. Inthe
case where “keyboard input” is selected, for example, a key-
board 2105 is displayed on the first display portion 2103a as
illustrated in the right in FIG. 21A. With such a structure,
letters can be input quickly by keyboard input as in the case of
using a conventional information terminal, for example.

Further, the housing 2101 and the housing 2102 of the
portable information terminal in FIG. 21 A can be separated as
illustrated in the right in FIG. 21A. This structure enables
very convenient operations; for example, screen data can be
controlled from the housing 2102 while the screen data is
shared by a plurality of people with the housing 2101 hung on
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a wall. Note that in the case where the device is not in use, the
housing 2101 and the housing 2102 are preferably made to
overlap such that the first display portion 2103a faces the
second display portion 21035. In this manner, the first display
portion 2103a and the second display portion 21035 can be
protected from an external shock. The first display portion
2103a can also function as a touch panel for a reduction in
weight to carry around to be operated by one hand while the
other hand supports the housing 2102, which is very conve-
nient.

The mobile phone illustrated in FIG. 21A can have a func-
tion of displaying a variety of information (e.g., a still image,
a moving image, and a text image) on the display portion; a
function of displaying a calendar, a date, the time, and the like
on the display portion; a function of operating or editing the
information displayed on the display portion; a function of
controlling processing by various kinds of software (pro-
grams); and the like. Furthermore, an external connection
terminal (an earphone terminal, a USB terminal, or the like),
a recording medium insertion portion, and the like may be
provided on the back surface or the side surface of the hous-
ing.

The portable information terminal illustrated in FIG. 21A
may transmit and receive data wirelessly. Through wireless
communication, desired book data or the like can be pur-
chased and downloaded from an electronic book server.

Further, the housing 2101 or the housing 2102 illustrated in
FIG. 21A may be equipped with an antenna, a microphone
function, or a wireless communication function, so that the
portable information terminal may be used as a mobile phone.

FIG. 21B illustrates an example of an e-book reader. For
example, an e-book reader 2120 includes two housings of a
housing 2121 and a housing 2123. The housing 2121 and the
housing 2123 are combined with a hinge 2122 so that the
e-book reader 2120 can be opened and closed with the hinge
2122 as an axis. With such a structure, the e-book reader 2120
can operate like a paper book.

A display portion 2125 and a display portion 2127 are
incorporated in the housing 2121 and the housing 2123,
respectively. The display portion 2125 and the display portion
2127 may display one image or different images. In the case
where the display portion 2125 and the display portion 2127
display different images, for example, text can be displayed
ona display portion on the right side (the display portion 2125
in FIG. 21B) and images can be displayed on a display portion
on the left side (the display portion 2127 in FIG. 21B). By
applying the semiconductor device described in any of the
above embodiments, the e-book reader 2120 can have high
reliability.

FIG. 21B illustrates an example in which the housing 2121
is provided with an operation portion and the like. For
example, the housing 2121 is provided with a power switch
2126, an operationkey 2128, a speaker 2129, and the like. The
page can be turned with the operation key 2128. Note that a
keyboard, a pointing device, or the like may also be provided
on the surface of the housing, on which the display portion is
provided. Furthermore, an external connection terminal (an
earphone terminal, a USB terminal, or the like), a recording
medium insertion portion, and the like may be provided on the
back surface or the side surface of the housing. Further, the
e-book reader 2120 may have a function of an electronic
dictionary.

The e-book reader 2120 may be configured to transmit and
receive data wirelessly. Through wireless communication,
desired book data or the like can be purchased and down-
loaded from an electronic book server.
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FIG. 21C illustrates a smartphone, which includes a hous-
ing 2130, abutton 2131, amicrophone 2132, a display portion
2133 provided with a touch panel, a speaker 2134, and a
camera lens 2135 and functions as a mobile phone. By apply-
ing the semiconductor device described in Embodiment 1 or
2, the smartphone can have high reliability.

The display portion 2133 changes the direction of display
as appropriate depending on a use mode. Since the camera
lens 2135 is provided on the same plane as the display portion
2133, videophone is possible. The speaker 2134 and the
microphone 2132 can be used not only for voice calls, but also
for video phone calls, recording, playing sound, and the like.

An external connection terminal 2136 can be connected to
an AC adapter and various types of cables such as a USB
cable, and charging and data communication with a personal
computer are possible. Furthermore, a large amount of data
can be stored and moved by inserting a storage medium into
the external memory slot (not illustrated).

Further, in addition to the above functions, an infrared
communication function, a television reception function, or
the like may be provided.

FIG. 21D illustrates a digital video camera which includes
amain body 2141, adisplay portion 2142, an operation switch
2143, a battery 2144, and the like. By applying the semicon-
ductor device described in any of the above embodiments, the
digital video camera can have high reliability.

FIG. 21E illustrates an example of a television set. In a
television set 2150, a display portion 2153 is incorporated in
ahousing 2151. The display portion 2153 can display images.
In this example, the housing 2151 is supported by a stand
2155. By applying the semiconductor device described in any
of the above embodiments, the television set 2150 can have
high reliability.

The television set 2150 can be operated with an operation
switch of the housing 2151 or a separate remote controller.
Further, the remote controller may be provided with a display
portion for displaying data output from the remote controller.

Note that the television set 2150 is provided with a receiver,
a modem, and the like. Moreover, when the display device is
connected to a communication network with or without wires
via the modem, one-way (from a sender to a receiver) or
two-way (between a sender and a receiver or between receiv-
ers) information communication can be performed.

The methods and structures described in this embodiment
can be combined as appropriate with any of the methods and
structures described in the other embodiments.

This application is based on Japanese Patent Application
serial no. 2011-282453 filed with Japan Patent Office on Dec.
23,2011, the entire contents of which are hereby incorporated
by reference.

What is claimed is:

1. A semiconductor device comprising:

a first insulating film;

a semiconductor film over the first insulating film;

a second insulating film over the semiconductor film;

a first electrode over the second insulating film; and

a second electrode over the second insulating film,

wherein the semiconductor film comprises indium, zinc,

and oxygen,

wherein the first electrode is in contact with the semicon-

ductor film and the first insulating film through a first
opening in the second insulating film, and

wherein the second electrode is in contact with the semi-

conductor film and the first insulating film through a
second opening in the second insulating film.

2. The semiconductor device according to claim 1, wherein
the semiconductor film comprises gallium.
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3. The semiconductor device according to claim 1,

wherein a lower surface of the first electrode is in contact

with an upper surface of the first insulating film, and
wherein a lower surface of the second electrode is in con-
tact with an upper surface of the second insulating film.
4. The semiconductor device according to claim 1, wherein
the semiconductor film comprises a channel formation
region.
5. The semiconductor device according to claim 4,
wherein the semiconductor film comprises a first low-re-
sistance region and a second low-resistance region, and

wherein the channel formation region is located between
the first low-resistance region and the second low-resis-
tance region.

6. The semiconductor device according to claim 1, com-
prising:

a gate insulating film over the semiconductor film; and

a gate electrode over the gate insulating film,

wherein the second insulating film is located over the gate

electrode.

7. The semiconductor device according to claim 6,

wherein the semiconductor film has an upper surface, a first

side surface, and a second side surface opposite to the
first side surface, and

wherein each of the upper surface, the first side surface, and

the second side surface of the semiconductor film faces
the gate electrode with the gate insulating film inter-
posed therebetween.

8. The semiconductor device according to claim 1, wherein
the semiconductor film comprises at least any one of nitrogen,
phosphorus, arsenic, antimony, boron, aluminum, argon,
helium, neon, fluorine, chlorine, and titanium.

9. The semiconductor device according to claim 1, wherein
the semiconductor film comprises a crystalline portion.

10. A semiconductor device comprising:

a first insulating film;

a semiconductor film over the first insulating film;

a second insulating film over the semiconductor film;

a first electrode over the second insulating film; and

a second electrode over the second insulating film,

wherein the semiconductor film comprises indium, zinc,

and oxygen, and
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wherein the first electrode and the second electrode each
penetrate the semiconductor film and are in contact with
the first insulating film.

11. The semiconductor device according to claim 10,
wherein the semiconductor film comprises gallium.

12. The semiconductor device according to claim 10,

wherein a lower surface of the first electrode is in contact

with an upper surface of the first insulating film, and
wherein a lower surface of the second electrode is in con-
tact with an upper surface of the second insulating film.
13. The semiconductor device according to claim 10,
wherein the semiconductor film comprises a channel forma-
tion region.
14. The semiconductor device according to claim 13,
wherein the semiconductor film comprises a first low-re-
sistance region and a second low-resistance region, and

wherein the channel formation region is located between
the first low-resistance region and the second low-resis-
tance region.

15. The semiconductor device according to claim 10, com-
prising:

a gate insulating film over the semiconductor film; and

a gate electrode over the gate insulating film,

wherein the second insulating film is located over the gate

electrode.

16. The semiconductor device according to claim 15,

wherein the semiconductor film has an upper surface, a first

side surface, and a second side surface opposite to the
first side surface, and

wherein each ofthe upper surface, the first side surface, and

the second side surface of the semiconductor film faces
the gate electrode with the gate insulating film inter-
posed therebetween.

17. The semiconductor device according to claim 10,
wherein the semiconductor film comprises at least any one of
nitrogen, phosphorus, arsenic, antimony, boron, aluminum,
argon, helium, neon, fluorine, chlorine, and titanium.

18. The semiconductor device according to claim 10,
wherein the semiconductor film comprises a crystalline por-
tion.



